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A b s t r a c t
Although the quasi-adiabatic calculations have led to an improved description 
of the measured observables, the theoretical justifications of the assumptions made 
in the model have not yet been studied. The first part of the work described in this 
thesis is therefore concerned with the clarification of these theoretical uncertainties 
by performing a rigorous investigation of the accuracy and the validity of the 
model. In addition, we reformulate the quasi-adiabatic theory to give a more 
general formalism, approaching the three-body problem in a different way. This 
alternative formulation provides a clear understanding of the assumptions made 
in the original quasi-adiabatic theory. Using the spirit of the new quasi-adiabatic 
formalism, we also develop alternative approximation schemes for the treatment of 
quantum mechanical three-body systems. The accuracy and the range of validity 
of the developments, together with the quasi-adiabatic theory, are investigated 
carefully and precisely by comparing their predictions with those essentially exact 
C D C C  technique for the 66Zn (d,p)67Zn reaction at 88.2 MeV. It is found that 
the alternative models and quasi-adiabatic theory are reliable techniques for the 
treatment of deuteron breakup process at intermediate energies of interest.
The remainder of this thesis is devoted to the investigation of the mechanism of 
(p,d*) reactions. As the treatment of the final state interactions in such reactions 
has not previously been studied consistently, we develop an adiabatic method and 
apply it to new data for the 13C(p,d)12C reaction with 35 MeV incident proton 
energy. Due to the weak coupling between spin channels of the continuum n-p 
system at the energies of interest, the singlet and triplet state pickup cross-sections 
for the final n-p system are analyzed separately. We find that the contribution 
from the singlet state is dominant for small relative energies while the triplet state 
dominates for large energies. This application clarifies the relationship between 
the three-body dynamics in the final state of (p,d) and (p,d*) reactions.
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I n t r o d u c t i o n
Of the nuclear reactions between composite particles, in those involving a loosely- 
bound particle, breakup of the particle takes place as a real or virtual process. 
The process has attracted the attention of many researchers and a number of 
experimental and theoretical investigations have been carried out.
Such studies started with those of deuteron breakup in deuteron elastic scatter­
ing, stripping (d,p), and pickup (p,d) reactions. In these, the simplest one-nucleon 
transfer reactions, the single neutron is stripped from a deuteron or picked up by 
the proton. In their analysis we are free from various ambiguities encountered in 
many other, more complex, one-nucleon transfer reactions as the basic properties 
of the deuteron are very well established, and the interaction between a proton 
and neutron and between the nucleons and the target nuclei are often well known. 
In addition, many experimental data are now available on these reactions. A solid 
theoretical understanding of the mechanism of such reactions is thus of great im­
portance before more complicated systems are considered.
Many models and mathematical formalisms have been developed over the years 
for the description and analysis of deuteron induced reactions. To place the work 
contained within this thesis in the framework of this developing structure, we first
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In the early days, single nucleon transfer reactions were interpreted in terms 
of Butler theory [1], the plane-wave Born approximation with an inner radial cut­
off. This theory explained qualitatively why (d,p) and (p,d) cross section angular 
distributions had maxima at certain angles.
A more advanced treatment of these reactions, the distorted-waves Born ap­
proximation (DWBA) theory [2], in which the n-p relative motion is assumed to be 
that of a free deuteron, became available in the late fifties, and made quantitative 
interpretation of transfer and pickup data possible. In the 1960’s a large number 
of measured angular distributions of stripping and pickup reactions were compared 
with D W B A  predictions to assign quantum numbers of the transferred nucleons 
and deduce single-particle (or single-hole) strengths by extracting spectroscopic 
factors. So the D W B A  became one of the most powerful tools in nuclear spec­
troscopy. This situation did not last very long. There was some evidence in the 
mid sixties that the D W B A  did not work so well. It was thought at that time that 
D W B A  would work better at higher energies where contributions from compound 
processes were negligible. It was thus a surprise when the first (d,p) data beyond 
20 MeV were obtained and the D W B A  completely failed to reproduce them [3]. 
The analysis indicated the existence of some mechanism which reduced the con­
tributions from the nuclear interior. Since then, the accuracy and validity of the 
D W B A  has been the subject of a number of studies, see e.g. [4], and it is now 
established that a major shortcoming of the D W B A  is associated with the neglect 
of the three-body effects, i.e, effects arising from the breakup of the deuteron in 
the field of the nucleus.
In order to take account of the breakup process explicitly, one needs to solve
give a n  overv iew  of th e se  m o d e ls .
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a quantum mechanical scattering problem for at least three bodies: an interacting 
pair in the presence of a target nucleus. Such a three-body problem is theoretically 
more difficult to deal with than the conventional two-body problem as, in principle, 
it involves an infinite number of coupled states in the continuum.
Faddeev proposed a scheme to describe the quantum mechanical three-body 
system exactly [5]. Despite the appeal of the elegance, and apparent simplicity of 
this approach, a number of drawbacks are inherent in the method, which leads to 
the Faddeev equations becoming complicated and numerically expensive to solve 
for all but the simplest of three-body systems. The method has been utilized in 
scattering problems mainly with separable-type interactions only for the cases with 
very light target nuclei such as p and 4He [6]. The method at the present stage, 
however, may not be practically applicable to nuclear reactions, since the related 
Hamiltonian includes the local and complex nucleon optical potentials.
It is thus customary to introduce more simple and practical prescriptions to 
take the dominate effects of the breakup process into account. The adiabatic 
treatment, proposed by Johnson and Soper [7], is one such prescription. The 
model assumes that the relative motion of the incident neutron and proton is 
slow over the time characteristic of the reaction process. The centre of mass 
energy of the n-p pair in the continuum is then assumed to be degenerate with the 
centre of mass energy of the bound n-p pair. Although the adiabatic model, which 
by the above argument assumes low energy breakup is dominant, has in general 
provided remarkable improvement over the DWBA, more recent complete and 
accurate data [8, 17] on large ^ -neutron transfer, stripping and pickup transitions 
at medium energies (f^ lOO MeV) have suggested the need for additional theoretical 
refinements.
3
A number of techniques have been developed to improve the adiabatic approx­
imation [9-17]. These techniques are not exact three-body theories but attempt to 
include the dominant three-body contributions.
A technique of extending the adiabatic formulation is the Weinberg states ex­
pansion method (WSE). This was proposed by Johnson and Tandy [9] and has 
recently been analysed quantitatively by Laid et al [10]. In that approach an at­
tempt is made to include the non-adiabatic breakup contributions by extending 
the adiabatic model formalism from one channel, degenerate with the deuteron 
elastic channel, to an expansion in an appropriate set of Weinberg or Sturmian 
states of the n-p relative motion. The model provides substantial improvements 
over the adiabatic predictions for transfer reactions but is not well adapted for the 
treatment of elastic scattering [11].
A more sophisticated analysis of three-body effects in transfer reactions is in­
cluded in the Coupled Discretized Continuum Channels (CDCC) techniques, pio­
neered by Rawitscher [12] and at Pittsburgh [13], and which have been refined at 
Kyushu [14]. In this method the n-p continuum is expanded in terms of a complete 
set of eigenstates of the n-p system. This set is then truncated and discretized to 
reduce the three-body problem to a finite set of coupled channels. There are sev­
eral types of C D C C  method, depending on the detailed way the discretization is 
carried out. Further developments of the C D C C  have also recently been proposed 
by Round [15], using a complex energy technique, to study the effects of the C D C C  
having the incorrect boundary conditions for the transfer components of the reac­
tion. Although the C D C C  calculations are useful and powerful for describing and 
analysing the breakup mechanism, they are computationally very complex. They 
can however be used to assess approximate three-body treatments and we shall
4
An alternative approach, the so-called quasi-adiabatic model, was introduced 
by Amakawa et al [16]. The model, in which the elastic part of the adiabatic model 
wavefunction (tyAD,EL) is accepted as an accurate representation of the exact elas­
tic component (WEL), no longer assumes the n-p center of mass energy in breakup 
configurations to be degenerate with the deuteron elastic channel, but allows one 
to include positive relative n-p breakup energies. However, in this model there is 
a certain flexibility as to the choice of the most appropriate centre of mass energy 
of the broken n-p pair. Coley et al [17] reformulated the quasi-adiabatic model 
to include spin-orbit distortions and also introduced a more consistent theoretical 
prescription for the mean breakup energy associated with the continuum. This was 
a function of the centre of mass position and centre of mass orbital angular momen­
tum of the n-p system. The quasi-adiabatic calculations of reference [17] for the 
66Zn(d,p)67Zn reaction at 88.2 MeV have recently shown significant improvements 
in the description of experimental data when compared with equivalent adiabatic 
results.
In spite of such success, however, theoretical justifications of the quasi-adiabatic 
model are yet to be given. It is one of the main subjects of the present work to 
investigate carefully and precisely the accuracy and range of validity of the quasi- 
adiabatic model by comparing its predictions with those of essentially exact C D C C  
techniques for transfer reactions. In addition, a detailed investigation of possible 
modifications to the quasi-adiabatic approach will be discussed.
To emphasize the potential importance of the quasi-adiabatic model, we men­
tion briefly a major current interest in nuclear physics. With the advent of 
radioactive-beam facilities, a major new development in the work of few-body
u se  th e m  in  th is  w ay  in  th e  p re s e n t w ork .
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treatments has been the structure and reactions of light neutron-rich halo nu­
clei, in particular those which have one or two neutrons very weakly bound, and 
the application of three- and four-body methods to model the detailed quantum- 
mechanical behaviour of such weakly-bound systems. One of the aims of such work 
is to determine the nature of the angular and radial correlations of the halo neu­
trons which, for 11 Li, are still largely unknown. At the high (fragmentation) beam 
energies of available n Li-induced reactions [18], calculations based on eikonal and 
adiabatic methods have recently become feasible and have been applied to quasi­
elastic scattering successfully [19]. However, the application of the technique at 
lower projectile energies, or to the case of including Coulomb breakup, has shown 
that the model begins to break down due to known inadequacy of the adiabatic 
approximation, see e.g. [20], at such energies. This failure requires the treat­
ment of non-adiabatic effects in the model. One way of doing this is to use the 
quasi-adiabatic approach. Extension of such few-body models for elastic, inelas­
tic, breakup and transfer reaction studies could utilize the quasi-adiabatic model, 
which is a practical and efficient method at the present time, since the more pre­
cise C D C C  approach is unlikely ever to find application to the solution of such a 
four-body problem.
In this thesis we also develop alternative approximation schemes for the treat­
ment of quantum mechanical three-body systems, and discuss their application to 
the deuteron breakup process in reactions involving deuterons. These calculations, 
which have been assessed by CDCC, are an extension of the ideas and methods 
of the quasi-adiabatic technique, and they also have applicability to the analysis 
of neutron-halo nuclei. One aspect of the study is to examine the validity of the 
assumption made in the original quasi-adiabatic model relating to the correct use 
of projection operators in the decomposition of elastic and breakup components
6
of the wavefunction. Since the recent quasi-adiabatic calculations include only- 
relative S-wave breakup, for comparison purposes we restrict ourselves to S-wave 
n-p relative motion. It is important to note at this point that only breakup due 
to the strong interaction is considered, not breakup arising due to the Coulomb 
field. This would seem a reasonable approach at projectile energies well above the 
Coulomb barrier [7] as is the case for the reactions of interest here.
Another aspect of the present work is to study the reaction mechanism of (p,d*) 
reactions. The (p,d*) reaction, in which the neutron transfer is to a continuum 
(breakup state) of the n-p system, in either a spin singlet or triplet state, offers a 
prototype for the study of a neutron transfer reaction leading to unbound three- 
body final state. Such reactions will become increasingly of interest as transfer 
reaction data for light neutron rich nuclei become available. For example, the 
singlet n-p system has much in common with the 10Li system for which, like the 
the singlet n-p system, it is suggested that the n-9Li has a low lying S-wave virtual 
state just above breakup threshold [21]. As the treatment of final state interactions 
in such reactions has previously not been investigated consistently, we use the 
developed adiabatic methods to investigate a theoretical model, which provides a 
consistent description of the (p,d*) reaction with regard to the treatment of the 
final state interactions.
The plan of the thesis is as follows. In the following Chapter the theoreti­
cal background, including a brief discussion of the theoretical models used in this 
thesis, is given. Chapter 3 discusses possible modifications to the earlier quasi- 
adiabatic model for more accurate calculations of the breakup component of the 
three-body wavefunction by the use of a plausible iteration procedure. Derivations 
of alternative models for the treatment of quantum mechanical three-body systems
7
are presented in Chapter 4. In addition, in that Chapter a more general formalism 
for the quasi-adiabatic method is introduced, which clarifies that the assumption 
■^qjAD,EL __ made in the original quasi-adiabatic model, is an unclear approx­
imation and misleading. In order to gain some insight into the reliability of the 
quasi-adiabatic model predictions we apply the methods mentioned briefly above, 
except the W S E  and Faddeev techniques, to the 86Zn(d,p)67Zn (g.s.; 5/2“; in —  3) 
reaction at 88.2 MeV bombarding energy, the focus of the recent quasi-adiabatic 
study. The numerical implementation and the comparison of the quasi-adiabatic 
approximation predictions against the adiabatic, CDCC, and the new models de­
veloped are presented in Chapter 5. To complete the analysis of the models used, 
the same calculations are repeated at a lower incident energy (Ed=40 MeV). In 
Chapter 6, we study breakup effects on the (p,d) reaction 13C(p,d)12C at 35 MeV 
incident proton energy. In a single nucleon transfer, such as 13C(p,d)12C, only final 
states with spins less than or equal to 2+ can be populated by Ip neutron pickup. 
Therefore, in this study, we consider the transitions leading to the ground state of 
spin 0+ and low lying excited state (Ex =4.44 MeV) of spin 2+ of 12C. The focus 
in this Chapter is then shifted towards the (p,d*) reaction. In the last section of 
Chapter 6, we develop an adiabatic approach for the theoretical description of the 
(p,d*) reactions and apply the model to the 13C(p,d*)12C reaction at 35 MeV, con­
sidering the same transitions as above. A brief summary, and concluding remarks, 
and suggestions for future work are given in Chapter 7.
C h a p te r  2
T h e o r e t i c a l  b a c k g r o u n d
2.1 The three-body model
The interaction of the deuteron with a target can be fully described using an 
effective three-body model [7-17]. Since the deuteron is a weakly bound nucleus it 
can be broken into a proton and a neutron while the target remains intact. The 
total Hamiltonian of such system can be written as
H =  Hnp +  TR +  Vp{fp) + Vn(vn) + Vc (rp), (2.1.1)
where Hnp =  (Tr + Vnp) is the Hamiltonian for the n-p relative motion, T r  is the n-p 
centre of mass kinetic energy operator, Vp and Vn are the nucleon-target effective 
interactions, which are regarded as local optical model potentials and taken at one 
half of the energy of the incident deuteron. The potential Vc is generated by the 
Coulomb field and we assume that the proton-target Coulomb interaction acts on 
the centre of mass (c.m.) of the n-p system, which means deuteron breakup due 
to this field is not considered. This would seem a reasonable approach since the 
energy of the incident deuteron is well above the Coulomb barrier [7].
The total wavefunction ^ kdad of the system satisfies the Schrodinger equation
[E -  Hnp - T r -  V ( ? , R ) M  =  0, (2.1.2)
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where r is the relative coordinate of the n-p pair and R is the c.m. coordinate, 
defined as
r  =  rp - f n , R =  ~ (fp +  rn). (2.1.3)
The origin of the coordinates is taken at the centre of mass of the target nucleus. 
The superscript + on the wavefunction indicates that the problem is to be solved 
with outgoing wave boundary conditions. The subscripts kj and crj are the incident 
deuteron wave vector and spin projection, respectively. For ease of notation the 
+ and kj on the wavefunction will be omitted, unless it is thought essential to 
emphasize their presence. The coordinate system appropriate to such a theoretical 
picture is shown below.
i i i 
i 
i/
/
. /
\  ^ Target nucleus /
Potential ''
Figure 2.1: The three-body model for the scattering of a deuteron from a nucleus.
Deuteron
The potential V(r,R) above is thus the sum of the neutron- and proton-target 
interactions
V  (f, R) =  Vp(fp) +  Vn(fn) +  Vc(R), (2.1.4)
10
w h e r e
K(r„) = V'(\R - #72|) + V™(\R - ?/2\)L ■ <?„, (2.1.6)
with V c and V ao being as the central and spin-orbit parts of the interaction po­
tential, respectively.
The wavefunction can be expanded in terms of a complete set of orthonor­
mal eigenfunctions of H np, 0|<r(f)}. Here (j)ad and (j)Z(T are the bound and
the scattering state wavefunctions of the n-p system respectively:
Hnpfd =  ~£d<t>d 5 E np<f> % = , (2.1.7)
where ed is the deuteron binding energy and e*. is the relative energy of the breakup 
state. The S stands for the spin state of the n-p system, being either triplet (51 = 1), 
or singlet (S =  0). The orthogonality conditions of the eigenstates and <j>are:
> = 0  , <  ^ f l 4 V  > = S ( k -  k')6„r,8s' < > =  1, (2.1.8)
and
E  > <  *51 + E  / d m f  > <  <j>f|J = 1. (2.1.9)
The expanded form of now becomes (dropping S labels for clarity)
R) = E (fAn x/’\R) + J d%4,U?)xf\R)) ■ . (2.1.10)
ad
The first term on the right hand side of Eq.(2.1.10) corresponds to the elastic 
channel, and the second term to breakup channels. The expansion coefficients
Xdd<Td and x f d are>
XddCrd(R) = <  4&\**d > i x { ad{ R ) = < f { l ^ > ,  (2.1.11)
11
Vp(Pp) =  V;{\R +  r/2|) +  +  r*/2|)4 • <?„, (2.1.5)
the projections of the total wavefunction onto the elastic and breakup channels, 
and describe the c.m. motion of the deuteron and the broken up n-p pair with 
relative momentum k relative to the target.
As the breakup states form a continuum in k, such a decomposition leads to 
an infinite number of coupled states. It is desirable therefore to introduce a sim­
ple and practical approximation to take the breakup process into account. In the 
conventional D W B A  [2], the n-p relative motion is taken to be that of an unmodi­
fied deuteron and breakup effects are ignored in the sense that the second term of 
Eq.(2.1.10) is neglected, and Xd d generated by a deuteron-nucleus interaction 
which is chosen to describe deuteron elastic scattering. Improved analyses usu­
ally apply some three-body picture, which treats approximately the second term 
of Eq.(2.1.10), in which the n-p relative motion is affected by their interactions 
with the target. These models are not, however, exact three-body treatments but 
try to include the dominant contributions from the three-body channels. Such 
models can be used in transfer reactions by providing an approximate three-body 
wavefunction for the calculation of the transition amplitude that determines all 
the observables of the reaction. The transition amplitude for deuteron stripping 
(d,p) reactions in the three-body model is, see e.g. [2], ES&3,
2* = <  xi-\fp)M?n)\VnP\*£>(f, R) >, (2-1.12)
where cj)n(rn) is the transferred neutron bound state wavefunction, Xp'K'^ p) the 
outgoing proton distorted wave describing proton elastic scattering from the residual 
nucleus, and is the exact three-body wavefunction. Vnp is the interaction 
potential between the neutron and proton. For deuteron pickup (p,d) reactions, it 
can be expressed as
Tpi = <  *<.->(f, R)\VnT\x4?M> • (2.1.13)
12
A detailed study of these matrix elements are to be given in Chapters 5 and 6. In 
the following sections we outline the three body models used in this thesis for the 
calculation of ti/G) required as input to these amplitudes.
2.2 The coupled discretized continuum channel 
method
The method is only briefly introduced here without considering the nucleon-target 
spin-orbit interactions. Complete derivations and discussions of the method can 
be found elsewhere [12-14],
To bypass the need to treat a continuum of states in Eq.(2.1.10) one can reduce 
the problem to a finite coupled equation analysis using the C D C C  method. This 
is based on two approximations involving the truncation and discretization of the 
n-p continuum.
The breakup states are truncated by limiting the maximum value of relative 
momentum k to kmax and of relative orbital angular momentum i to imax assuming 
that all breakup takes place in the truncated space. The truncated ^ -continuum 
is then discretized into a finite number of breakup states, each representing a 
continuum of states within a bin of width A k.
Two methods of discretization have been utilized in C D C C  calculations. In 
the first method a set of discrete wavefunctions, which damp asymptotically, is 
produced by diagonalizing H np in the subspace spanned by a finite number of basts. 
In the second method the truncated continuum spectrum of the n-p Hamiltonian 
is discretized into N b momentum bins of width A k where N b —  kmax/Ak. Discrete 
bin states 4>i are produced by averaging n-p scattering states <f)k over the momenta 
in the bin, or alternatively choosing the scattering at the mid point of the bin.
13
the second discretization method mentioned above. Making this discretization, the
second term in Eq.(2.1.10) can be given as
V ,  R ) =  d W t(f)Xi{R) «  Y. M^Xi(R), (2.2.1)
i—1
which now has the integral over k replaced by a sum over a finite number of terms.
The bin states can be defined by the integral over the values of k in the given bin
with the weight function Wi(k),
4>i(r) — f  Wi(k)<l)k(r)dk. (2.2.2)•/fej-i
The function u>i(k) is normalized to unity
£  w?(k)dk =  1. (2.2.3)
If w j k) is taken to be constant within the interval of the bin then
Wi(k) = ^ ^ y / 2  j Ajfei = ki - (2.2.4)
In either case, the 4>i(r) are then orthonormal. The coefficient functions, describing 
the centre of mass behaviour are
Xi(R) = (A hfl2x{R). (2.2.5)
i
The energy expectation value £{ for <fi, in the ith bin, is
fo2ki
* =  — (2.2.6)
where
W e  will discuss the former of the t w o  alternatives for the calculation of (f>i a n d  use
h 2 =  k? , 0, (2.2.7)
a n d  ei =  for 7 =  0.
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However, as the C D C C  method includes the artificial truncation parameters of 
kmax? t.max and Afc, it needs justification. Ideally the S-matrix elements calculated 
with the method should not depend on a particular choice of kmax, tmax and A k. 
To determine appropriate values, the Kyushu group [14] imposed the convergence 
of the S-matrix elements with respect to increase of kmax and imax and with re­
spect to the decrease of A k. For a wide range of energies, convergence was found 
numerically at kmax =1.0 fm-1, tmax = 2 and A k =1/4 fm-1 for deuteron elastic 
scattering and at kmax =1.0 fm-1, tmax — 2 and A k =1/8 fm-1 for calculations 
of the (d,pn) breakup reaction. Since then, many theoretical calculations based 
on C D C C  have been carried out. It is now well established that there are no free 
parameters in the C D C C  method, and the calculated converged S-matrix elements 
reproduce a large body of experimental data reasonably well in deuteron induced 
reactions.
The C D C C  technique, at the present time, provides the most detailed and 
complete calculation of the three-body wavefunction. Such calculations will be 
used to assess our more efficient adiabatic-based approximate three-body models 
which are the subject of Chapter 4.
2.3 The adiabatic approximation
A considerable simplification in the solution of the three-body equation is achieved 
using the adiabatic approximation [7]. The approximation, in which the dynamics 
associated with the continuum coupling collapses to an effective two-body problem 
for the n-p centre of mass motion, involves the replacement of H np in the three- 
body Schrodinger equation
[E - H np - T r — Vft &)]*„,&R) = 0, (2.3.1)
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with — ea, the deuteron binding energy. Therefore we have
[Ec.m . - 2  r -V (7,R)]^ = 0, (2.3.2)
where B c.m. — E  ed is the energy of the incident deuteron in the centre of mass 
frame. The assumption made is that the dominant breakup configurations are 
states of low relative n-p energy e*. when compared with E, such that little error 
is made by assuming
( E - e k) ~  (E +  ed). (2.3.3)
When considering only S-wave relative n-p motion, one can take the angular 
average of Eq.(2.3.2) to give
[Ec.m. - T r - U(r,R)]9i?(r,R) = 0, (2.3.4)
where
U{r, R) =  J _ j  R). (2.3.5)
This interaction consists of central and spin-orbit contributions,
U(r, R) = U cent(r, R ) + U ao(r, R)L • §, (2.3.6)
where L —  — iR X  V# and S =  (l/2)(<fp + cQ) are the n-p centre of mass orbital
angular momentum and n-p total spin operators, respectively. Explicitly we have
U cm\r,R) = l d( [Vfnt(x) +  tf“nl(*)] , (2.3.7)
and (assuming TJp° =  Uf°)
u ' v- r ) = \ s: dcv^ x) f1+w \  - (2-3-8)
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and £ is the cosine of the angle between vectors f and R. Here we assume that 
the underlying Uf° and Uff have the same strength and geometry and thus the 
coupling between the spin channels is weak, which means that only breakup into 
relative 3S states can contribute to the transition matrix for reactions involving 
deuteron. We will discuss this matter in detail in Chapters 5 and 6.
The replacement of €k by means that the calculation of the contribution 
from the n-p continuum states to the total wavefunction will be incomplete, in 
the sense that all n-p relative motion configurations are assumed to have the same 
centre of mass energy. However, the adiabatic three-body wavefunction with this 
assumption will be expected to give a considerable improvement over the D W B A  
method for transfer reactions.
Applying the incident deuteron boundary conditions, we can write explicitly
O ’ R) = E  * % d(r, R)f/(r), (2.3.10)
w h e r e
x =  (R2 +  r 2/4 +  rR()lf2, (2.3.9)
where the partial wave expansion of is
d
9 % d(r,R) =  f k  E  (L>ded\JM)(LX'le'd\JM)iLY^krYT(R)xjE(r,R).
JLMXX'
(2.3.11)
The radial functions Xjl can !h-us be obtained, for any r value, by solution of the 
radial equations
dR2 h‘ x3F(r,R) =  0- (2.3.12)
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UJL(r,R) = U cent{r,R) + U ao(r,R) < JL\L-S\JL >, (2.3.13)
and k is the asymptotic wavenumber, corresponding to E c.m., and fi is the reduced 
mass of the deuteron-target system.
In spite of the efficiency and success of the adiabatic approach, recent high qual­
ity spin-dependent experimental transfer reaction data [8, 17] clarified that some 
physical contributions are missing from the calculation of the reaction amplitude. 
These involve the transfer of particles in large n-p relative energy (e&) configu­
rations. As the adiabatic approximation is formulated under the assumption of 
low energy n-p breakup, its treatment of such energetic contributions is naturally 
suspect. An improved treatment of the higher energy breakup configurations is 
thus required.
One approach is to perform quasi-adiabatic calculations. The model takes some 
account of modifications in the c.m. motion of the n-p pair by including a more 
realistic mean relative breakup energy for the continuum states, and thus breaks 
the degeneracy with the elastic channel as is discussed in the next subsection.
2.4 The quasi-adiabatic approximation
The quasi-adiabatic approximation removes the degeneracy of the n-p centre of 
mass energy in breakup configurations by introducing a positive average energy 
for the continuum states. The model was proposed originally by Amakawa et al 
[16] and extended by Coley and co-workers [17] to include the effects of nucleon 
spin-orbit interactions, and to allow a more physical prescription for the n-p centre 
of mass energy in the continuum.
H e r e  Ujl is the J,L m atrix element of U ,
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Under the restriction to S-wave relative n-p configurations, the derivation of 
the quasi-adiabatic equations, according to Amakawa et al, starts by separating 
the exact three-body wavefunction into its elastic and breakup parts. Thus it is 
possible to write the breakup component as
= V ri(r,$)-*?t(r,R), (2.4.1)
which is the second term in Eq.(2.1.10). Using the above description, the exact 
three-body Schrodinger equation can be rewritten as
[E - Hnp - T r - U(r, R)]H!™(r, R) = [V{r, R) - U ^ ( R ) ] ^ ( r ,  A ) ,  (2.4.2)
to produce an inhomogeneous equation for R). We have defined a poten­
tial U opt, which by definition generates the elastic piece of the exact three-body 
wavefunction ^ EE, i.e.
(Ec.m. - T R -  = 0. (2.4.3)
The breakup piece of the wavefunction is thus the solution of an equation in which 
the elastic component appears in the source term.
In the spirit of the adiabatic approximation, Eq.(2.4.2) is transformed into the 
quasi-adiabatic form by now assuming that H np does not depend dynamically upon 
71, and in general can be any function with only a parametric dependence on r. 
For the moment we denote this quantity by e. We discuss specific choices later 
on. An additional assumption, in the original quasi-adiabatic approximation of 
Amakawa et al, is to assume that the elastic part of the wavefunction generated 
by the adiabatic model is an accurate representation of the exact elastic
component
< C M )  = 9i(2.4.4)
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It is however noted that we will reformulate the quasi-adiabatic theory in Chap­
ter 4, to give a more general formalism, and show that this assumption is unclear. 
The new formalism of the quasi-adiabatic method in Chapter 4 provides a better 
understanding of the approximations made in the model. With this more ad­
vanced formalism, we will also clarify that the model does allow one to calculate 
non-adiabatic corrections to the elastic channel, which means that the assumption 
given above is unnecessary. The quasi-adiabatic theory in principle makes a single 
approximation, that is the replacement of H np by a mean energy e.
Nevertheless, the assumption (4lEL =  \$AD>EL)y made in the original quasi- 
adiabatic model, is expected to be a reasonable approximation since in general the 
adiabatic method has been found to give a good description of the elastic scattering 
channel. C D C C  calculations also produce elastic wavefunctions in excellent agree­
ment with those of the adiabatic approximation [22]. This will also be investigated 
numerically in Chapter 5 in the present case.
Thus the breakup wavefunction in the quasi-adiabatic approximation satisfies 
the equation
[E — e — T r — V { r , R ) ] ^ f D'BV{r ,R )  =  [U (r,R ) -  u AD™‘ (R )}< $ ^ ,^ ( r> g ) t
(2.4.5)
where J]AE>,opt generates the adiabatic elastic wavefunction, whereas U opL generates 
the elastic piece of the exact three-body wavefunction.
This equation can be reduced to the adiabatic form by substituting the binding 
energy of the deuteron for the mean energy (e), that is
[E + ed -  Tr -  U{r, R)]^Af BU(r,R) = R),
(2.4.6)
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where tyAB,BU is the breakup contribution calculated in the adiabatic model. 
Using the partial wave expansion, Eq.(2.4.5) becomes
{ S5F + fe2 - - S  [ *«<r* + 1 *) =
^  [ )7J£(r, R) - Uf?™\R) \x Ajl EL{8), (2.4.7)
where ej is added and subtracted for routine calculations. Thus ejl, which is 
allowed to become dependent upon the angular momentum channel, can be in­
terpreted as the average change in the centre of mass n-p energy in the breakup 
components of the wavefunction. It will be shown that a sensible choice of e leads 
to considerable improvement on the calculated breakup wavefunction over that 
provided by ^ BU.
In the original work of Amakawa et al, no physical prescription was given for e. 
They used an arbitrarily chosen, partial wave (L ) dependent, exponential function 
for the n-p relative energies, which was given as simple two parameter prescription:
eL —  E 0 exp (-=— ), (2.4.8)
I q
where L is the c.m angular momentum of deuteron, and E q (energy) and L 0 (an­
gular momentum) are the two parameters, adjusted to either fit the data or mimic 
C D C C  calculations. A physically more consistent prescription for e, suggested by 
Coley et al [17], is to assume that the breakup part of the adiabatic wavefunction 
tyAB'BU provides a reasonable first guess of the breakup wavefunction and of the 
n-p relative motion components in it. An estimate of e, the expectation value of 
H np in 5 *s therefore
< XjL,BU(r,R)Mr)\Hnp\XjL'BU(r> R ) M r) > (t} A QA
< Xj?'BU(r,R)Mr)\Xj?'BU(r,R)Mr) > ’ 1 ‘ '
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where bra-ket denotes the radial integration over r. This expression can also be 
written as [17]
e\ A D  ,B T J  * r > \  a  A D .B U  /  n \
* (m-  _ e , V  < > f24im
JLi ) ~ d + ^ r  < X?L 'BU{r,R)Mr)\xrLBU{r,R)Mr) > ’( °}
where the second term, representing the corrections to the adiabatic approxima­
tion, is seen to arise from a consideration of the r dependence of Xj l ’BU• I*1 
above equation, finp is the reduced mass of the n-p pair. The numerical implemen­
tation of this energy prescription will be discussed in the following Chapter.
This mean energy expression is one of a number of plausible theoretical pre­
scriptions for e but is without a strict justification. However, recent quasi-adiabatic 
calculations with £ j l ( R ) [17] for the 66Zn(d,p)67Zn reaction at 88.2 MeV show sig­
nificant improvements when compared to equivalent adiabatic results, due to an 
improved description of the higher n-p relative energy components in the quasi- 
adiabatic method. The accuracy of these calculations, and the validity of the mean 
energy involved, will be fully examined in Chapter 5.
It appears, following the apparent success of the quasi-adiabatic calculations 
mentioned above, that it is worthwhile to devote more theoretical effort to the form 
of the continuum n-p centre of mass energy, which is the subject of the following 
Chapter.
22
C h a p te r  3
M o d i f i c a t i o n  t o  t h e  b r e a k u p  c o n t i n u u m  i n  
t h e  q u a s i - a d i a b a t i c  m o d e l
The quasi-adiabatic model is simple enough to clarify many aspects of reactions 
involving composite projectiles and can be used for the practical analysis of exper­
imental data [17]. The model avoids the complications of the C D C C  technique. In 
particular, discretization is avoided. However, the quasi-adiabatic theory depends 
implicitly on an average excitation energy, which represents excitation energy of 
the n-p pair in the continuum. The theory itself does not automatically provide 
a unique or obvious prescription for the mean breakup energy. There is a certain 
flexibility as to the correct choice of the centre of mass energy of the broken n-p 
pair. This is a shortcoming of the quasi-adiabatic approximation. Nevertheless, 
the model, together with a reasonable prescription, is capable of reproducing many 
of the features of the more exact calculations using a small fraction of the computer 
resources, as will be shown in Chapter 5.
Here we turn our attention to the energy given by Eq.(2.4.9), since this energy 
prescription was thought to be successful in the treatment of the higher relative 
energy breakup configurations in the analysis of 66Zn(d,p)67Zn reaction [17]. The 
aim in this Chapter is to make a more careful analysis of the accuracy of this
23
prescription using a possible iteration procedure, and to study the effects of the 
iterated mean energy calculations on the breakup continuum. Such a treatment of 
the continuum channels does not greatly increase the computational complexity, or 
running times, of a transfer reaction calculation. The present work also allows one 
to consider the sensitivity to the previous average excitation energy model 
given by Eq.(2.4.9), which corresponds to the zeroth order in our self-consistent 
calculations.
The iterated mean energy model is applied to the 66Zn+d system at 88.2 MeV, 
the focus of a recent quasi-adiabatic study. Only the dominant 3Si component of 
the deuteron ground state and 3S breakup states are included. The underlying 
nucleon-nucleus potentials used are those of the global analysis of Bechetti and 
Greenlees [23] at half the incident deuteron energy.
Here we present the mean energy only in the asymptotic region of R  (R —» oo)
because, at values of R  well outside the nucleus, the mean energy is constant
(fc»5**>
whereas it is a complicated function of R  at short distances in every J and L state.
The modifications to the breakup wavefunction due to the improved mean 
energy enter through the three-body wavefunction in the quasi-adiabatic model, 
and of course such modifications affect the calculated reaction observables. As the 
region r ~ 0 plays a dominant role in the calculation of the transition matrix for 
the transfer reactions involving deuterons, due to the short range nucleon-nucleon 
interaction potential, we examine here only the region r — 0 of configuration space 
to show the modifications to the breakup components of the wavefunction. The 
effects on the observables will be discussed in detail in Chapter 5 by comparison 
with the predictions of the adiabatic and more exact three-body models, including 
the CDCC.
24
3.1 Iteration of the continuum energy
One could use the breakup part of the exact, e.g. CDCC, wavefunction to calculate 
the expression of £jl(R) in the quasi-adiabatic approach given in Chapter 2, i.e.
ejL{R) ~  < *?F(r,Jl)|9?g(r,R) > ' (3'1'1)
While interesting for evaluation purposes, clearly this is impracticable for routine 
calculations as this is equivalent to solving part of the C D C C  problem itself (it will 
nevertheless be done in Chapter 5 for comparison reasons). Obviously one needs 
here to use a reasonable approximation. As was explained in Chapter 2, such 
an approximation for £jx(R) was given [17] by averaging H np over the breakup 
part of the adiabatic wavefunction Xj l ’BU 1° give the expectation value of the n-p 
relative energy in the adiabatic model breakup continuum. This was considered 
as a reasonable, zeroth order, representation of the mean energy of the continuum 
for inclusion in the quasi-adiabatic formalism.
It is possible however to iterate this scheme to calculate Ejl self-consistently, 
which is the subject of this section. The procedure is to iterate the expression 
given by Eq.(3.1.1), i.e.
.T)/m _  < Xjl {t\r,R)<f>d{r)\Hnp\xjL {z\r, R)(f)d(r) >
tJLKJX) BU  ( * ) /  d n ,  / \ | BU (i), ,  / n . ’  (O.l.Z)
< Xjl {r>R m(r)\xjL w (r,R)<^ (r) > 
where the Xjl ^  are calculated from the quasi-adiabatic equation of the previous 
Chapter, i.e.
{ A  + k2- - ¥[ UjL{r’R) + + Q 1 (i+1>(,'’R) =
p  [ UJL(r,R) - Uff'°pt(R (3.1.3)
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The adiabatic breakup wavefunction Xj l 'BU 1S taken as a starting point Xjl 
which is is a good choice for the starting value at the energies of interest here [24]. 
In the above equations (i) stands for the iteration number that starts from zero.
3 .1 .1  I t e r a t io n  p r o c e d u r e
Using the first estimated mean energy 6j°2, obtained by the breakup component of 
the adiabatic wavefunction, the zeroth order quasi-adiabatic breakup wavefunction 
X j l  ^  generated by solution of Eq.(3.1.3). It is then introduced into Eq.(3.1.2) 
to compute the once-iterated mean energy EjB. This process is repeated until the 
quasi-adiabatic wavefunction X j l  and converge. Fig.3.1 shows a schematic 
of the iterative scheme for the present model.
Figure 3.1: The iteration scheme for the iterated quasi-adiabatic model.
No such iteration was used in the quasi-adiabatic calculations of reference [17]. 
An iterative scheme is somewhat more computationally intensive since, in the
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calculation of the iterated Zjl, a knowledge of the solution for the breakup wave­
function is required over the range of the deuteron wavefunction In the
calculations of reference [17], only X j E ( r —  ®)R) 1S required. Extending the cal­
culations to non-zero values of the relative separation r, for the iteration of Ej l ,  
causes no particular problem.
3.2 Calculations
The iteration of the average excitation energy Ejl shows considerable effects, es­
pecially for low centre of mass partial waves. Fig.3.2 displays the zeroth order 
calculations of the asymptotic mean energy, computed by Xj l 'BU i an(i iterated 
results.
Partial wave L
Figure 3.2: Large R  behaviour of the iterated mean energy £ j l ( R )  as a function 
of the n-p centre of mass partial wave L. I 5«. ( - 0.5 a t  JL= A6 .
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The convergence criterion decided upon is that the convergence is deemed to 
have occurred if the largest difference is less than 1% between successive mean en­
ergy calculations. Hence, one can easily see that the calculations converge quickly. 
The iterated energy gives a larger expectation value for low partial waves, removes 
a greater amount of energy from the n-p centre of mass motion, and suggests an 
increase in the importance of high momentum components in the the breakup 
channel. This is an encouraging result since it is consistent with the requirement 
of the recent near-/far-side analysis [8,17].
In the analysis of the references above, the reaction mechanism was divided 
into two pieces, one associated with flux passing on the near side of the nucleus 
(toward the detector) and another on the far side. By the use of this approach, the 
exhaustive investigations showed that the transfer reaction amplitudes obtained 
using the adiabatic model described flux that flowed mainly around the far side 
of the nucleus. These adiabatic studies of large-^ n (transferred neutron angular 
momentum) stripping reactions highlighted that near-side amplitudes were miss­
ing from the theoretical calculations of the adiabatic approximation. These were 
suggested to arise from the lack of large n-p relative energy configurations in the 
model. The earlier quasi-adiabatic calculations [17], which suggested such con­
figurations and missing amplitudes are partly included by replacing with £j°2 
(illustrated in Fig.3.2) showed that the near-/far-side analysis can be used as a 
sensitive probe of high energy n-p relative components in the three-body wave­
function. A study of the concept of near-/far-side, however, lies beyond the scope 
of this Chapter since such effects are not manifest at the wavefunction level of a 
calculation. They are revealed through oscillations in the measured and calculated 
angular distributions of the observables. The comparison of such experimental 
data with the related theoretical calculations provides a severe test of the quality
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of three-body descriptions of reaction process. In Chapter 5, using the interference 
oscillations, the signature of the near-/far-side contributions, we will assess the 
adiabatic, quasi-adiabatic, and its extended models, to be introduced in the next 
Chapter. We will compare their predictions with, not data, but with the calcula­
tions of the more exact C D C C  technique that include higher relative momentum 
components of the breakup wavefunction more accurately.
Since we address here only the importance of the self consistent iteration process 
in the quasi-adiabatic calculation, we return to Fig.3.2. The modifications to the 
mean energy at high partial waves are fully introduced by the first order iteration, 
which decreases the magnitude of the mean breakup energy. The higher order 
iterations have no effect at these L values. Overall, the comparison of the adiabatic 
model zeroth order mean energy with the iterated E j l ( R )  in Fig.3 .2  suggests that 
the dominant relative momenta in the breakup continuum decrease with increasing 
c.m. angular momentum in the asymptotic region of R. This is quite reasonable. 
Because the large momenta, associated with the near-side contributions, can only 
arise at the expense of a substantial reduction in the n-p centre of mass energy, 
which the adiabatic prescription assumes is unchanged.
The effects of the iteration procedure on the breakup wavefunction are illus­
trated in Fig.3.3. The iterated breakup wavefunction is compared with both the 
adiabatic and zeroth order quasi-adiabatic approximation (with £j°2) predictions. 
The figure compares the moduli of the breakup parts of the three-body wavefunc­
tion at coincidence (r = 0) in the L =0, 6, 9 and 18 n-p centre of mass partial 
waves. As a first impression, these results confirm that the quasi-adiabatic theory 
depends significantly on the choice of the average continuum breakup energy, as 
was stated at the beginning of this Chapter. For example, as compared with the
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adiabatic theory, the use of plausible Ejl values increases the magnitude of the 
breakup wavefunction. The detailed structure of the wavefunction is modified and 
a large part of the modification to the adiabatic model wavefunction is already 
generated by the zeroth order quasi-adiabatic calculations. However, there are 
significant additional changes in low partial waves in the interior region due to the 
higher iterations. The breakup wavefunction at high L is nearly independent of 
the iteration. In addition, there are considerable dissimilarities in phase between 
the quasi-adiabatic and adiabatic model wavefunctions.
R  (fm)
Figure 3.3: Moduli of the breakup components of the three-body wavefunction at 
r = 0 in the L =0, 6, 9 and 18 c.m. partial waves.
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It should be noted however that the importance of the breakup wavefunction, 
and its modifications, in a transfer reaction calculation depends on the degree of 
linear and angular momentum matching between the entrance and exit channels, 
i.e.
Ld =  kdR a , Lp =  kpR a (3.2.1)
where kd and kp are the linear momenta of the deuteron and proton respectively, 
and R s is the transfer point in the surface of the target. Ld and Lp are the 
corresponding angular momenta. So the larger contributions will be from partial 
waves that satisfy
Ld — Lp =  (kd - kp)Ra « in (3.2.2)
where in is the transferred neutron orbital angular momentum. From the above 
equation, momentum matching improves with increasing ^ -transfer value. Good 
momentum matching emphasizes contributions from the nuclear surface region 
and the exterior, poor matching involves greater contributions from the interior 
[8]. Since the breakup wavefunction and the modifications shown in Fig.3.3 are 
largest in the interior, they are expected to play a limited role and give rather 
modest contributions to the reaction observables in the well-matched stripping 
reaction under study. The related figures will be presented in Chapter 5.
To clarify the role of spin-orbit distortions, which are responsible for part of 
the far-side dominance of a well-matched reaction [8], together with the improved 
(iterated) c.m. energy, we also consider the calculations with spin-orbit distortions 
in the deuteron channel. Spin-orbit interactions imply that the mean energy is a 
function of both L and J . Different total angular momenta J produce different 
Ejl{R)• Using the zeroth order calculations of ejx, (asymptotically) this produces
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Partial wave L
Figure 3.4: Asymptotic-zeroth order-mean energy £jl(R) for J =  L — 1, L,L +  1.
Partial wave L
Figure 3.5: Asymptotic-iterated-mean energy £jl{R) for J = L — 1, L,L + 1.
the three curves of Fig.3.4. As can be seen from the figure, the Ejl are
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highly spin-dependent. The mean energy becomes larger as J increases. Inci­
dent deuterons with total angular momentum J = L -f 1 give a larger expectation 
value. This means that the treatment of the higher relative energy breakup com­
ponent of the three-body wavefunction is sensitive to the spin-orbit interactions. 
The iterated mean energy values for such calculations are given in Fig.3.5. They 
have the same features as the spin-independent case. There are large modifica­
tions at low L due to higher iterations. The magnitude of the iterated energies 
are larger than that obtained using the zeroth order calculations, whereas for high 
partial waves, the iteration reduces the magnitude and the dependence on J, which 
suggests a suppression of scattering from all but one spin state at these L values.
The spin-dependent breakup wavefunctions produced by the iterated mean en­
ergies are shown in Fig.3.6. The effect of the spin-orbit interactions on the contin­
uum channel wavefunction can easily be seen from the figure.
£  0.10
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-  0.20
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0 .0  5 .0  10.0
R (fm)
Figure 3.6: Moduli of the breakup parts of the full wavefunction at t* = 0 in the 
L =6, 9 and 18 c.m partial waves in the presence of spin-orbit interactions. Cal­
culations are carried out using the iterated mean energy presented in the previous 
figure.
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From this brief analysis we see that structure can not only be given to the phys­
ical observables by a more careful treatment of the breakup continuum, but also 
by the consideration of spin dependent interaction themselves in a well-matched 
and surface dominated transitions.
3.3 Conclusion
In summary, we have modified the breakup continuum by extending the theoret­
ical model to calculate the mean energy self-consistently in the framework of the 
quasi-adiabatic approach. Onr calculations of the effects of a more correct treat­
ment of the positive energy continuum on the centre of mass motion have shown 
significant changes over the published zeroth order quasi-adiabatic calculations. 
We have shown the iterated calculations converge rapidly, and that a large part of 
the correction on the mean energy is reproduced by the first iteration. However 
the most important modification to the breakup continuum is due to the zeroth 
order calculations (with £j°2) which introduces the most significant changes to the 
adiabatic wavefunction. This would appear to justify the previous use of £j°2 as a 
good first approximation in the standard quasi-adiabatic model. There are higher 
order effects which are appreciable for low partial waves, but these effects are quite 
small for high partial waves. Moreover, we show that spin-orbit effects are large 
at Ri 90 MeV, so such effects must also be considered for the realistic calculation 
and for comparison with experimental data.
It is important to study whether the modifications, due to the improved Ejl, 
have effects on the calculated observables. This will be investigated in Chapter 5 
by comparison with the calculations using the CD C C  and the more refined quasi- 
adiabatic models, to be introduced in the next Chapter.
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In Appendix A, we describe an alternative suggestion for the average excitation 
energy in the framework of the quasi-adiabatic approximation. There the mean 
relative breakup energy is complex, unlike the energy discussed in this Chapter 
that is by definition real and positive, and is also a function of, not only J, L 
and R , but also of the n-p separation r. The complex energy expression is derived 
explicitly, without approximation, and can be considered as part of the interaction 
potential in the quasi-adiabatic formalism given by Eq.(3.1.3). This consideration 
permits one more readily to place a physical interpretation regarding the sign of the 
imaginary part of the complex energy. However, the application of this alternative 
prescription to the reaction studied in this Chapter generates a complex mean 
energy which has positive imaginary part at small n-p separations in the asymptotic 
region of R. As the mean energy is considered as part of the optical potential, its 
imaginary part should not be positive at large R.
To confirm our numerical calculations, we also use the breakup part of the 
C D C C  wavefunction in the numerical implementation of the complex energy. This 
test produces similar results to those obtained using the the quasi-adiabatic model.
We conclude that such a prescription cannot be used in its present form for 
breakup calculations involving composite nuclei. The formalism and a brief dis­
cussion, together with the results obtained, are however given in Appendix A.
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C h a p te r  4
A l t e r n a t i v e  t h r e e - b o d y  m o d e l s
Here we discuss three refinements and developments of the standard three-body 
models for nuclear reactions discussed in the earlier Chapters. The models rep­
resent the continuum by a single, average excitation energy function Ejl{R) (in- 
each partial wave) and use iteration methods for numerical solution, in which the 
adiabatic theory is taken as a starting point, as was the case in the iterated quasi- 
adiabatic model introduced in Chapter 3. For these reasons such theories will be 
referred to as the quasi-adiabatic like models or extended adiabatic approaches 
throughout the remainder of this thesis.
These approximate techniques are concerned primarily at this stage with theo­
retical understanding of the mechanism of the breakup process in (d,p) and (p,d) 
reactions, and in particular the examination of the validity and possible improve­
ments of the quasi-adiabatic ideas and methods developed (originally) by Amakawa 
et al [16], extended by Coley and co-workers [17], and finally modified in Chapter 
3.
To some extent, the present three-body models go beyond the standard quasi- 
adiabatic approach because in these well described extended models, the elastic 
component of the exact wavefunction is no longer assumed to equal that of the
36
adiabatic method (\&AD>EL fiz tyEL). Such models therefore appear to provide an 
improved description of the elastic and breakup parts of the three-body wave­
function in, for instance, the deuteron channel of (d,p) and (p,d) reactions when 
compared to the standard quasi-adiabatic approximation.
More importantly, the present work enables us to understand that the assump­
tion (fffAD>EL = \&EL), made in the original quasi-adiabatic method and implicit 
in the refined models discussed in Chapters 2 and 3, is unclear and misleading. 
In section 4.1, we reformulate the problem, approaching the three-body problem 
in a different way, and show that in fact the quasi-adiabatic model makes use of 
no such assumption. The model makes only a single approximation associated 
with the replacement of the internal Hamiltonian by a reasonable mean energy 
(Hnp —» e) for the treatment of the continuum channel, a detailed discussion of 
which was given in the previous Chapters. The new formalism further clarifies 
that the non-adiabatic corrections to the elastic channel in this model are only 
roughly calculated and are included within the breakup continuum channel wave­
function. That this breakup component includes an elastic piece can easily be 
seen by projecting the quasi-adiabatic model breakup wavefunction ifrQAD>BU onto 
elastic channel, i.e. < <pd\ ^ AD,BU >• This integral produces non-zero values due 
to an elastic piece included in \$QAD>BU'
In the reformulation of the quasi-adiabatic model, to give a more general formal­
ism, we use the spirit of the perturbation theory given by Yahiro and Nakano [26]. 
They developed a theory to clarify the relationship of the adiabatic approximation 
to the method of CDCC. The theory presents, in principle, a way of evaluating 
corrections to the adiabatic approach. However, such a theory is not so practical 
as the adiabatic method, since the resultant equation for the C D C C  wavefunction
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is not easy to solve. Alternatively, using the ideas given in their work, we construct 
an approximate but practical way of solving for the correction term.
In our approximate model, the total wavefunction is separated, instead of into 
the elastic and breakup components [16], into the adiabatic and non-adiabatic cor­
rection terms. The non-adiabatic corrections are easily expressed in terms of two 
uncoupled equations that correspond to the original quasi-adiabatic and adiabatic 
equations. These equations provide a clear understanding of the corrections gener­
ated by the model (to both the adiabatic elastic and breakup wavefunction), unlike 
the original quasi-adiabatic formalism in which only continuum channel corrections 
appear explicitly. As in the previous Chapter, for a more accurate computation of 
the non-adiabatic correction term, one can iterate the calculations.
In section 4.2, using the spirit of the model above, we develop an alternative 
technique of calculating the non-adiabatic corrections to the adiabatic model, in 
which the adiabatic and original quasi-adiabatic equations appear as the zeroth 
order iteration. The subsequent converged iterations improve the calculated cor­
rections to the adiabatic model wavefunction. Although the iteration scheme for 
this model is rather more complex than the previous model, it is expected that the 
present method will reproduce better results, due to its use of an improved elastic 
wavefunction, instead of the adiabatic one, in the higher order iterations.
However, it is clear from the formalisms developed that in all the above models 
the corrections to the elastic channel are treated incorrectly and that they may 
overestimate this term. In section 4.3, we therefore develop a formalism which 
includes such corrections properly. As a result, this method can be thought as the 
most accurate and most reliable approach in the extended adiabatic models intro­
duced in this Chapter. The breakup mechanism in this technique is investigated
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using Feshbach’s method [25] of projection onto P- and Q-spaces, and once more 
decomposing the three-body wavefunction into its elastic and breakup components, 
unlike the other models presented in this Chapter. The advantage of this model is 
to allow for the calculation of the full elastic wavefunction in terms of the improved 
full breakup component of the wavefunction by the use of two coupled equations. 
The method provides a convenient framework in which to numerically test the 
accuracy of the quasi-adiabatic theory, and also to compute any significant cor­
rections. The numerical implementation of the model involves an iterative scheme 
which is similar to that discussed in the iterated quasi-adiabatic model of Chapter 
3. The zeroth-order iteration starts with the quasi-adiabatic breakup wavefunction 
and a modified elastic channel wavefunction. The higher-order iterations, which 
converge rapidly, generate an improved full three-body wavefunction that includes 
corrections (in both the elastic and breakup channel) to the quasi-adiabatic model.
Finally, we direct ourselves to answer whether a formal approach, in which 
the full adiabatic wavefunction (including the breakup component) appears in the 
source term of an inhomogeneous equation to calculate the corrections to the adi­
abatic theory, can be used to generate a more accurate three-body wavefunction. 
Unfortunately, the application of the model to the d+66Zn system at 88.2 MeV 
has shown that this approach cannot be used in its present form due to the non­
convergence of the calculations. For clarity of this Chapter, we present this for­
malism only in Appendix B, with a brief discussion of the lack of convergence of 
the calculations. This work is however of relevance to a discussion in the work of 
Amaltawa and Austern [22].
In this Chapter we discuss and present only the formal derivations of these 
approximate techniques. The numerical implementation of the models, and com-
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parison of their predictions with those of the CDCC, adiabatic, and quasi-adiabatic 
method will be subject of the following Chapter.
The nature of the approximations given in this Chapter give guidance to an 
alternative approach for future developments.
4.1 An alternative formulation of the quasi-adiabatic 
model
We present here an alternative development of a formal theory for the quasi- 
adiabatic method, which clarifies that such a model can be introduced by making 
only one single approximation. The another advantage of this formulation is that 
one sees how to treat corrections to both the elastic and breakup components of 
the wavefunction, and to derive an iterative scheme for such changes. This was a 
significant uncertainty in the original quasi-adiabatic formulation of Amakawa et 
al [16], in which it is stated that the elastic wavefunction is assumed unchanged, 
regardless of changes made in the breakup piece of the wavefunction.
Instead of developing an equation for the full breakup wavefunction by de­
composing the three-body wavefunction into elastic and breakup parts, as in the 
original quasi-adiabatic theory, we develop a formalism in terms of the correc­
tions to the adiabatic model wavefunction, by decomposing the projectile-target 
three-body wavefunction into the adiabatic wavefunction plus the corrections, i.e.
(4-1.1)
Thus will account for non-adiabatic corrections to both the breakup and
elastic channels. The correction term AlP^ has only outgoing waves since 
already satisfies incoming wave boundary conditions. The exact Schrodinger equa-
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tion for this m o d e l  is thus written
[E - H np - T r -  £7]«f + A*,,) = 0. (4.1.2)
Eq.(4.1.2) can be rearranged as
[ E - H np - T r - U ]= + ed) ^ f , (4.1.3) 
since, from the definition of the adiabatic model equation,
[E'.m . - T r - U ] ^  =  O' (4.1.4)
On the RHS of Eq.(4.1.3), the total adiabatic wavefunction can be replaced 
by its breakup part ^ AB'BU ■, i.e.
(Hnp + ed)<2% = (Hnp + ed)9^'BU, (4.1.5)
because the total wavefunction can be decomposed into its elastic and breakup
components, discussed in Chapter 2, as
C  =  +  (4.1.6)
and the elastic piece gives
(Hnp + ed)^if'EL =  (-ed + cd) ^ ' EL = 0. (4.1.7)
Therefore Eq.(4.1.3) is re-expressed in the form
[E - H np - T r - U}AV„d = ( + ed)<S3F’BU- (4.1.8)
In the above equation, the source term, the RHS of the equation, has an infinite 
range because tyfP-817 is not a short-ranged function of R. This behaviour of the 
wavefunction was presented in Chapter 3. Such a source term is difficult to deal
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with in the calculations. To overcome this problem, we make use of Eq.(2.4.6), the 
exact inhomogeneous equation for
[Ec.m. - T r -  U ) ^ f BU =  ( U -  IjA D ,cvt^A D ,E L '
Using the above equation, the adiabatic breakup wavefunction can be defined as
9 A D , B U  = _ T r  _ _ U A D , o p t ^ A D , E L _  (4.1.10)
The substitution of Eq.(4.1.10) in Eq.(4.1.8) thus yields
[E -  H np - T r -  U]A<$„d =
(H np +  ed)[Ec.m. - T r -  U ] - \ U  -  tjA D . ^ ad .el  _ (4.1.11)
From this equation, the correction term A\l/ can be given as
A * , ,  — [E-Hnp - T r -  U } -1^  +  ed][Ec.m. fl]"1
x (U  -  u AD'opt)4>£E’EL. (4.1.12)
By the use of operator relation
A - 1 -  B ~ l =  A~1(B -  A )B ~1 ee B ~ \ B  -  A )A ~ \  (4.1.13)
and associating A = [E — H np — T r — U] and B =  [Ec.m. — T r — U] it is easily seen
that Eq.(4.1.12) can be rearranged as
A t t „  =  {[E  -  H np -  T r -  U }-1 -  [Ec.m . -  T r -  U }-1}
x (U  - U AD’Opt )q AE>EL: . (4.1.14)
or more clearly we can write,
[E - H np - Tr - = {V - u AD^ ) ^ f EL, (4.1.16)
[Ec.m.-Tr - U]AV2<rd = (U (4 L j7)
where H np is replaced by a mean relative breakup energy e that is associated with
A*!.,.
The two uncoupled equations above, which give the formalism of the present 
model, provide a better understanding of the assumptions made in the quasi- 
adiabatic method. From Chapter 2, it is clear that the solution A^i^ corresponds 
to the quasi-adiabatic model breakup wavefunction \$QAD’BU while A\k2(Td is pre­
cisely the breakup wavefunction generated by the adiabatic model This,
by definition has no overlap with the elastic channel. Therefore, from Eq.(4.1.15), 
one can easily see that the non-adiabatic correction term A 4/^ , which can be ex­
pressed as (\frQAD’BU— tyAE'BU), includes the corrections to both elastic and breakup 
continuum channels. It should however be noted that the treatment of the elastic 
piece is not accurate since i is an incorrect c.m. energy for the description of an 
elastic channel (should be — e^). Nevertheless this rough treatment provides an 
insight into the reliability of the model. The elastic piece can be extracted by 
projection onto deuteron elastic channel, i.e.
A * Ei=<<^|A$„a >, (4.1.18)
and the subtraction of this piece from the whole correction term
A 9 BU = A $ ^  _ (4.1.19)
gives the breakup piece. These correction terms must then be added to the related 
adiabatic wavefunction to get an improved three-body wavefunction.
w h e r e  A f P i ^  a n d  A ^ 2<Td satisfy the equations
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In conclusion, this formalism clarifies that the assumption (tyAD,EL =  \&EL) 
of the original quasi-adiabatic model is unnecessary. The reduction of the exact 
three-body equation to the quasi-adiabatic model requires a single approximation, 
which is the replacement of H np with a mean energy e.
As in the iterated quasi-adiabatic method introduced in the previous Chapter, 
Eq.(4.1.16) can be iterated using the iterative scheme presented in Fig.(3.1). In 
fact, this would reproduce exactly the same results as in the model discussed in 
Chapter 3 since the formalisms are identical. However, the present formulation 
extends our understanding beyond the iterated model of Chapter 3. As mentioned 
above, the model presented here allows one to identify also the elastic piece con­
tained within the approximate continuum channel breakup wavefunction \$QAD>BU? 
unlike the original formalism in which there is no explicit means of making this 
identification.
4.2 Adiabatic perturbation theory
In this section, we use the ideas and methods given in the previous section to 
develop an alternative but improved formal treatment of the quantum mechanical 
three-body system which we will refer to as the adiabatic perturbation theory.
The starting point for the derivation is to add and subtract e^, the deuteron 
binding energy, to the exact three-body Schrodinger equation, i.e.
[E - Hnp - Tr - U  - ed + = 0, (4.2.1)
which can be rewritten as
[Ec.m. ~ Tr — U]tycrd = [Hnp + (4.2.2)
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where I2c.m. = E  ed. From the previous section, the RHS of the above equation 
can be expressed in terms of the breakup wavefunction as
[.H np + = [Hnp + ed\SPB^ , (4.2.3)
then Eq.(4.2.2) becomes
Km. - T r -  U= + ed]'$r- (4.2.4)
As in the previous model, we recall the inhomogeneous equation, Eq.(2.4.2), that 
solves the breakup component of the exact wavefunction, i.e.
[E - H np - T r - = u r n ,  (4-2-5)
to express in terms of (U  — U opt), as
=  iE ~ H nP - T r - U)-\U - U opi)tyEB. (4.2.6)
Eq.(4.2.4) is then reduced to the form
[Ec.m. - T r - U]Vrd =  [Hnp + ed}[E - H np - TR - U]~\U - U opt)«£f. (4.2.7)
Using the definition of the full three-body wavefunction in terms of the adiabatic
wavefunction and the correction term,
^  = n  + A®,,, (4.2.8)
and remembering the definition of the adiabatic model equation
Km. - Ta ~ UV*™ = 0. (4.2.9)
Eq.(4.2.7) is now transformed to the form
[Ec.m . - T r -  U ] =  [Hnp + ed][E -  H np - T r -  U]~\U - U opt)^EB.
(4.2.10)
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Therefore, the correction term A W ^  now can be defined as
A®,, = [Ec.m. - T r -  U]~l[HnP + - T R - IT]"1
x{ U  -  U°pt)'£Ef  (4.2.11)
The use of the operator relation given by Eq.(4.1.13) thus allows us to rewrite the 
above equation in the form
=  { [JS — H np — Tr — U ] -1 - [Ec.m. - T r -  U Y 1 } ( U - (7°”*)® ^ , (4.2.12)
which, decomposing
A®,* = A<tl0.a - A\P20'i, (4.2.13)
where A\Pio.d and A^fy^ are solved subject to outgoing boundary conditions, and 
satisfy the equations
[E - H np - T n -  U]A®!^ = (4.2.14)
[Ec.m .- T r -  U]A® ^  = U°!,f)®£f, (4.2.15)
where H np is replaced by a mean relative breakup energy e that is associated with
A®!.,.
In the above equations, if the exact elastic wavefunction S&EE and Uopt are 
replaced by the adiabatic elastic wavefunction \$rAB>EL and JJAD'opt respectively, 
then the solution of Eq.(4.2.14) and Eq.(4.2.15) will once again generate the quasi- 
adiabatic and adiabatic breakup wavefunctions respectively. Although the elastic 
piece in Ati/i^  is treated with a wrong c.m. energy e, like the quasi-adiabatic
model, the use of an improved elastic channel wavefunction in the calculations,
instead of the adiabatic one, will generate the corrections to the quasi-adiabatic 
model. Below, we describe the calculation technique used for the calculation of 
Eqs.(4.2.14) and (4.2.15).
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4 .2 .1  C a lc u la t io n  p r o c e d u r e
For more accurate calculations one can use a plausible iterative scheme, as in 
Chapter 3. Taking the partial wave representations of the above equations, the 
iterated adiabatic-perturbation theory, at the partial wave level, is given in the 
form
{ s ? +fc2 ~ -  S [ Ujl{t’ R ) + + e d  1 j ^ 1 v ,  * )  =
p  [ U n ( r ,  R )  -  U j pl  ( i , ( H )  ] x «  W ( * ) >  ( 4 . 2 . 1 6 )
where ej is added and subtracted for the routine calculations, and
A X2Jl(j’> R) =
d2 ,, L(L + 1) 2u .
dR? +  R?
2-L [ VJL(r, R) - U %  U(R) )xEjl W(Ji). (4.2.17)
In the above equations & is the asymptotic wavenumber corresponding E c.m.. The 
model introduced requires that some initial guess of the elastic wavefunction xEL ^  
and eb) be made, such as those generated from the adiabatic wavefunction to 
start the iteration procedure. To distinguish the starting wavefunctions from the 
calculated ones, the notation (i + 1) is used. We will also make use of this notation 
style for the other models introduced in the next section and Appendix B. The 
iteration process used in the present model calculations is displayed schematically 
in Fig.4.1.
In the zeroth order iteration, first is calculated by Eq.(3.1.2) employing 
the adiabatic breakup wavefunction xAD,BU • Then using the adiabatic elastic 
wavefunction in the source term of the inhomogeneous equations given above and
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putting the starting value of e in Eq.(4.2.16), and A % 2^  are calculated,
which corresponds, at this stage, the quasi-adiabatic and adiabatic breakup wave- 
functions respectively.
Figure 4.1: The iteration scheme for the adiabatic perturbation theory.
To obtain the first estimated value of the non-adiabatic correction term, A % 2^  
is subtracted from Ax*l+1-*, see Eq.(4.2.13). For the next iteration, the elastic 
and breakup pieces of the correction term are projected out using Eq.(4.1.18) 
and Eq.(4.1.19). The projected elastic part is then added to the adiabatic elastic 
wavefunction while the breakup piece is summed up with the breakup part of the 
adiabatic wavefunction. The use of more correct elastic wavefunction xEL ^  in
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the equations, instead of the adiabatic one, with a more precise optical potential 
j j o p t  0)^  calculated from Eq.(2.4.3), improves and functions. The
calculation of gW from these improved A%^+1 ^yields a more realistic mean energy 
values for the subsequent iteration of A % 2+1^ when compared to the zeroth itera­
tion. The iteration procedure is repeated until the mean energy and non-adiabatic 
correction term have converged. Rapid convergence of the calculations will be 
shown in Chapter 5.
4.3 The Projection-operator approach
In all the previous models, ASPEL, the elastic piece of the correction term to the 
adiabatic model three-body wavefunction, is treated incorrectly as discussed ear­
lier. For more accurate calculations of this term, and of course for the improved 
three-body wavefunction, we therefore develop a consistent formalism using the 
unified theory of Feshbach [25], in which two coupled equations appear for the full 
breakup and elastic wavefunction unlike the previous models.
Following Feshbach we first distinguish the elastic and breakup parts of the full 
three-body wavefunction by means of the projection operators on (P) and off 
(Q) the deuteron ground state wavefunction,
P  =  Z\£><ttl, <3 = i - p  =  £  (4.3.1)
o  S o  J
such that
p 2®.,,= =  n- Q (4-3-2)
and
P Q V * d = QP®** = o.
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(4.3.3)
lift = + Q<$„d =  + Wff. (4.3.4)
As discussed in Chapter 2, it is the Q^o-d part of the three-body wavefunction 
that is ignored by the conventional D W B A  treatments of transfer reactions which 
do not include explicitly breakup components in the wavefunction. The integral 
representation of this term was given by Eq.(2.1.10).
The exact Schrodinger equation for the three-body model is therefore,
[E - H np - Tr - U][P^,d + <3$„J = 0, (4.3.5)
and premultiplication by P  yields
[E — Tr — P H npP  - P U P } P ^ ad = P U Q V ad, (4.3.6)
or
[-EU,. - T r -  PUP]Py„d =  PUQ'fiPd, (4.3.7)
where P U P  is
p u p  =  y \rd > < yd\u\tf > < rd \ = Y i « >  u m  < rd \, (4 .3 .8 )
crcr' acr1
and P U Q ^ a d,
P U Q iS„d = Y  W  > <  rd\U\V™ > . (4.3.9)
cr
Since, the interaction potential U is the sum of nuclear and Coulomb potentials as 
discussed in Chapter 2, i.e.
T h e  t o t a l  w a v e f u n c t io n  n o w  c a n  b e  w r i t t e n  as
U ( r ,  R )  =  U p ( r , R )  +  U n { P ,  R )  +  U C ( R ) ,  ( 4 .3 .1 0 )
5 0
and denoting Up + Un —  t/jv, Eq.(4.3.9) can be rearranged as
P U Q V „ d = £  I# X  > =  £  X  « | J 7 j r | >, (4.3.11)
CT O'
because
< > =  0. (4.3.12)
Premultiplication of Eq.(4.3.5) by Q gives
[E - Q H npQ  - T r - Q U Q ] Q ^ ad =  Q U P V Vd. (4.3.13)
Using the definition of the projection operator Q  = 1 — P, the expressions Q U Q  
and Q U P  in the above equation can be written as
Q U Q  =  U Q -  P U Q  , Q U P  =  U P  -P U P , (4.3.14)
and Eq.(4.3.13) becomes
[E - Q H npQ  - T r - U ] Q ^ d =  U P ^ ad - P U P V ad - P U Q V „ d. (4.3.15)
Substitution of the LHS of Eq.(4.3.7) into the RHS of Eq.(4.3.15) now gives
[E - Q H npQ  - T r -  U ] Q ^ d =
U P V ad - P U P ® ad - [Ec.m . - T r -  P U P ] P ^ ad. (4.3.16)
Since the description of the exact elastic channel wavefunction in terms of an 
optical potential is
[Ec.m . - Tr - = 0, (4.3.17)
Eq.(4.3.16) can be rearranged in the form
[E - QHnpQ - T r -  U]Q^ad =  { U - U opt) P ^ .  (4.3.18)
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However, this exact equation cannot be solved numerically without an adequate 
approximation due to the term
(QHnpQ)Q't„d =
£ £  f & f  > <  4>f\HnP\4> <  > ■ (4.3.19)
oo' SS' J J
From the orthogonality conditions given in Eq.(2.1.8),
< <l>fT\Hnp\<i>£l<r > =  £kb(k — k^Sss'boo'•> (4.3.20)
the above equation is reduced to the form
{Q HnpQ)QV„d =  £  f d k  ek|</>f X  < ! > f \ n  >  ■ (4-3.21)
S i r  J
From the above expression one can see that Eq.(4.3.18) becomes very difficult to 
solve as it involves an infinite number of coupled equations because of the breakup 
states form in continuum in k. It is therefore desirable to introduce a reasonable 
approximation. One can use the C D C C  technique, discussed in Chapter 2, to 
reduce the problem to a finite coupled equation by limiting the maximum value of 
relative momentum k to kmax and of relative orbital angular momentum £ to £max 
assuming that all breakup takes place in the truncated space. Although this model 
is the most powerful approach for solving such problems, it is computationally more 
expensive. Instead, we overcome this complication by removing the dynamical 
dependence upon H np and replacing it by an average excitation energy e for the 
continuum states, which is the spirit of the quasi-adiabatic like approximations 
discussed in the previous models. It is then possible to reduce the infinite number 
of coupled equations above to a single equation, i.e.
{ E - g - T R - U]Q<£rd =  ( U -  U°pt)py<rd, (4.3.22)
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The above equation would return to the original quasi-adiabatic formalism, i.e.
[ E - e - T R - U\^2fD'BU = {U - u AD>opt)^AE’EL (4.3.24)
if the elastic component of the exact three-body wavefunction SSfEB and correspond­
ing U opt were replaced by the elastic piece of the adiabatic model wavefunction 
'&AE,EL and corresponding JJAD'opt, respectively. This serves as a numerical test in 
the present model calculations. As in Chapter 2, by definition U AD,opt generates 
the adiabatic elastic wavefunction, while U opt generates the elastic piece of the 
exact three-body wavefunction.
In summary, using Feshbach theory we obtain two coupled equations: Eq.(4.3.18), 
[E - QHnpQ-Tr - U \ m ™  (4.3.25)
for the calculation of the breakup wavefunction, and Eq.(4.3.7), which goes beyond 
the original quasi-adiabatic theory, for the calculation of the full elastic component, 
i.e.
[ Ec.m.- T r - P U P ]  = P U N y ™ .  (4.3.26)
Eq.(4.3.26) allows ns to recompute the elastic wavefunction in terms of the breakup 
component of the three-body wavefunction. More accurate values of ^ EB, cal­
culated by Eq.(4.3.26), and of the optical potential that can be obtained by 
Eq.(4.3.17) then yield improvements over the standard calculations of the quasi- 
adiabatic model breakup wavefunction S&®AD,BU. In addition, the present model 
provides a more correct treatment of the elastic channel wavefunction, due to the
o r  ( r e p la c in g  b y  a n d  P ® , a b y  ® “ ) ,
\ E - e - T R -  U } V ™  =  { U  -  t r * * ) ® “  ( 4 .3 .2 3 )
5 3
use of the exact c.m. energy ( — e^ ) in the calculation of ^lEL, so that it is expected 
to be as the most reliable technique of the extended adiabatic models introduced 
in this Chapter.
4 .3 .1  C a lc u la t io n  p r o c e d u r e
Here we describe the iteration procedure used in the the present model calculations.
For the numerical implementation, one reduces the coupled equations given 
above to the partial wave level, in which form they read
{ W 2 + k '~ - ¥  [ UjL{r’R) + g(Jl + 1 }x"  (i+1)(r’R) =
P  [ UJL(r, R) - U %  (i)(J?) }XfL U(R), (4.3.27)
where ej is added and subtracted, and the second equation is
i L(L +  1) 2/i. dd+ k - O - - UfL( R)dR2 R 2 h
P  < M U ? l \x ™  (i+1Vd >, (4.3.28)
where Ujf = <  4>d\UjL\4>d >> and k is the asymptotic wavenumber corresponding 
Ec.m.. As discussed earlier in Eqs.(4.3.11-12), UjL =  Ujl — UjL. The relative 
mean breakup energy e, associated with the breakup channel wavefunction xBU\ 
can be calculated from Eq.(3.1.2) by iteration as explained in Chapter 3. In the 
above equations, (i) represents the iteration number which starts from zero. The 
iteration process for the model is displayed schematically in Fig.4.2.
The starting point for the calculations is to generate an estimate for e, which can 
be obtained from Eq.(3.1.2) using the adiabatic breakup wavefunction %AD>BU as 
the zeroth iteration. It is then employed in Eq.(4.3.27) with the adiabatic elastic
5 4
wavefunction XAD,EL ■> and with corresponding JJAD,opi calculated by Eq.(4.3.17), 
to compute the first iteration to the breakup wavefunction xBU Using this 
first estimate of the breakup wavefunction, which corresponds the standard quasi- 
adiabatic model breakup wavefunction, a revised elastic part of the wavefunction 
XEE ^  is generated by Eq.(4.3.28). This elastic wavefunction is then used in 
Eq.(4.3.17) to update the optical potential U opt ^  which is then introduced, with 
XEL in Eq.(4.3.27) to calculate the improved xBU This process is repeated 
until the wavefunctions and associated mean energy have converged. This iterative 
approach provides converged calculations that will be presented in the following 
Chapter.
Figure 4.2: The iteration scheme for the projection-operator approach.
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C h a p te r  5
N u m e r i c a l  r e s u l t s
Here we implement numerically the three-body models discussed in Chapters 2, 
3, and 4. As a convenient test of the developments we apply the models to the 
the 66Zn(d,p)67Zn (g.s; 5/2“; tn = 3) reaction, whereby the residual nucleus is left 
in its ground state (g.s) and with transferred neutron quantum numbers £n =  3 
and jn = 5/2“, at 88.2 MeV incident deuteron energy. This reaction has recently 
been studied using the adiabatic and quasi-adiabatic method [17] to describe the 
experimental angular distributions of the reaction observables. It has been shown 
that the observables in this reaction are sensitive to the treatment of the large n-p 
relative motion components in the three-body wavefunction. This indeed reveals 
itself through oscillations in the measured angular distributions of the reaction 
observables, which are the signature of the near-/far-side contributions mentioned 
in Chapter 3. Since the adiabatic approximation is formulated under the assump­
tion that low energy breakup is dominant, which leads to the suppression of the 
near side contributions, the model has failed to describe this oscillatory feature of 
the data. The quasi-adiabatic calculations, where the n-p centre of mass energy 
in breakup configurations is assigned some average breakup energy, discussed in 
Chapters 2, 3, and 4, have yielded significant corrections to the adiabatic model
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and reproduced the data qualitatively in this reaction. Therefore the reaction of 
interest will provide a valuable testing ground for the three-body reaction models 
used here.
Although the quasi-adiabatic calculations of reference [17] lead to an improved 
description of the measured observables, the validity of the assumptions made in 
the model have not yet been studied. It is one of the aims of the present work to 
clarify these theoretical uncertainties and investigate carefully the accuracy and the 
range of validity of the quasi-adiabatic model by comparing its predictions with 
those of the essentially exact CD C C  method, discussed in Chapter 2. In these 
comparative calculations, the same n-p interaction and nucleon-target interaction 
inputs are used.
An important aspect of the present work is however to examine the new features 
introduced by calculations using the improved quasi-adiabatic models formulated 
in Chapter 4. Another aspect of the numerical implementation is to assess the 
magnitude of the corrections to the adiabatic and earlier quasi-adiabatic model, 
which are brought about by the refined models given in Chapters 3 and 4. This 
will be done by investigating the qualitative effects of the modifications intro­
duced by the models upon the calculated cross-section and vector analyzing power 
(zTii). We also wish however to gain some insight into the reliability of the present 
quasi-adiabatic model developments for the treatment of breakup effects in trans­
fer reactions. This assessment of the extended adiabatic models, in the context of 
a three-body problem, is carried out using the CDCC calculations.
The objectives we have outlined above can be adequately rephrased by address­
ing the following outstanding questions:
a) do the models introduced in Chapter 4 provide converged calculations for the
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b) how large are the corrections to the adiabatic method that we obtain when 
using the extended adiabatic models developed ?
c) how do the operator approach and adiabatic perturbation theory predictions 
compare with the usual quasi-adiabatic results ?
d) how important are the corrections to the elastic channel wavefunction, and 
are these included properly in the operator approach ?
e) how reliable is the mean energy used in the quasi-adiabatic model ?
f) can the quasi-adiabatic like models reasonably model the more exact but more 
computationally complicated C D C C  calculations ?
g) what are the effects of the more correct treatment of the positive energy 
breakup states introduced by the iterated quasi-adiabatic model discussed in Chapter 
3 ?
b) what are the most important features of the quasi-adiabatic like model cal­
culations when compared to the predictions of the adiabatic model ?
The answers to the questions posed above are discussed sequentially in the 
following sections.
5.1 C a l c u l a t i o n s  o f  transfer r e a c t i o n  a m p l i t u d e s
The transfer reaction calculations using the different model three-body wavefunc- 
tions developed are carried in zero-range approximation using the computer code 
T W O F N R  [28]. The adiabatic calculations [17] for the reaction under study have 
shown that finite range effects for the shape of the cross section and iTn angular 
distributions are small. The use of zero-range approximation allows the possibil­
ity of transfer from only the triplet S-wave (3S) and singlet S-wave (1S) states in
t r e a t m e n t  o f  b r e a k u p  p r o c e s s  i n  t h e  r e a c t i o n  o f  i n t e r e s t  ?
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the n-p continuum. However if we assume that the spin dependent terms, in the 
effective interaction U(r,R) given by Eq.(2.3.6) are symmetric under interchange 
of neutron and proton space and spin coordinates, which means we are neglecting 
the difference between the spin orbit terms in the neutron and proton optical po­
tentials, then it is easy to see that only triplet spin states of n-p relative motion 
can contribute to the transfer amplitude [29]. Harvey and Johnson [29] discussed 
in detail the role of singlet breakup and found only very small corrections to the 
theory which neglects the coupling to the singlet channel. Thus this chapter deals 
with the application of the theories including only the contributions of the triplet 
breakup channel. As the zero-range calculations of the stripping amplitude are 
determined by the total wavefunction at coincidence = 0,i2), see e.g. [7, 9], 
much of the physical interest in our work is therefore associated with the wavefunc­
tion at n-p coincidence r —  0. The calculated = 0, J?), in partial wave form, 
provided by the approximate three-body models, are then used in T W O F N R  for 
the evaluation of the physical observables.
We note at this point that our aim here is not the rigorous reproduction of 
experimental data but to test the concepts and reliability of the extended adia­
batic models and prepare them for an eventual full implementation in the future. 
For this reason in the present analysis we do not include the non-S-wave breakup 
continuum, the deuteron ground state D-wave component, and the nucleon-target 
spin-orbit interactions. Although the spin-orbit interactions can be readily in­
cluded in the quasi-adiabatic like models, see Chapters 2, 3 and 6, these effects are 
neglected here due to the difficulty in including the spin-orbit force in our C D C C  
calculations.
To complete the investigation of the quasi-adiabatic like models we perform the
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same calculations at a lower incident energy, Ej =40 MeV using the same reaction 
as above. Since these models will be used in the next Chapter for the description 
of a (p,d) reaction with a low incident proton energy, the preliminary test of the 
models using the C D C C  calculations provide an insight into their reliability at this 
lower energy.
In the implementation of the present models, we use the global optical potential 
parameter set of Bechetti and Greenlees [23] with energy Ed/2, for the entrance 
channel nucleon-nucleus potentials. The n-p interaction is taken to be the central 
Hulthen potential used in reference [11]. The final state proton optical potential 
parameters used for the Ed =88.2 MeV case are derived from fitting the cross 
section and vector analyzing power data of 67Zn(p,p)67Zn at E p =91.8 MeV [17]. 
The transferred neutron wavefunction (f>n(rn), appearing in the stripping transition 
amplitude given by Eq.(2.1.12), is evaluated in a Woods-Saxon well with shape pa­
rameters r =1.25 fm and a =0.65 fm. The real well depth is adjusted to reproduce 
the neutron separation energy. At Ed =40 MeV, the final state proton potential 
parameters are taken from Bechetti and Greenlees [23].
We first of all consider the convergence issue. Before investigating the con­
vergence of three-model calculations, including the CD C C  and developed quasi- 
adiabatic like models, we have to decide on a working criterion for convergence. 
The criterion decided upon is that the convergence is deemed to have occurred if 
the largest difference is less than 1% between successive calculations of both the 
C D C C  model wavefunction and the mean energy £ j l ( R ) in the quasi-adiabatic like 
models.
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5 . 2  C o n v e r g e n c e  o f  t h e  C D C C  c a l c u l a t i o n s
The main objective of the C D C C  calculations is to provide a critique of'the ex­
tended adiabatic theories implemented here, rather than to seek a realistic compar­
ison with experiment. Before comparing the predictions of the extended adiabatic 
models with those of the C D C C  method, we need to confirm the convergence of 
the C D C C  calculations for the present reaction.
As was discussed in Chapter 2, the CD C C  method is based on two basic ap­
proximations, namely a) the truncation and 6) discretization of the n-p continuum. 
For the validity of the truncation it is expected that the elastic and breakup cross 
sections converge as the maximum relative n-p angular momentum (£max) and lin­
ear momentum (kmax) increase, while convergence with the respect to narrowing 
the width of bin states (Ak) is necessary for the validity of the discretization.
Since in this model, the difference between successive calculations of the cross 
sections with changing parameters (£maxikmax, and A k) enter through the three- 
body wavefunction, we concentrate here on the convergence of the deuteron channel 
wavefunction. Therefore, the C D C C  model three-body wavefunction is investi­
gated in different partial waves with respect to increasing kmax and decreasing AA: 
for tmax =0, as we consider only S-wave breakup.
From Chapter 2, the bin states <fi are defined in terms of n-p scattering states 
4>k by Eq.(2.2.2),
<Mp) = Jk dk(fk(r). (5.2.1)
To obtain a given bin state, the functions (f)k must be integrated over k in the bin 
in some manner. In our calculations, the Gauss-Legendre quadrature method is 
chosen. This provides a set of values of k, for a given bin, at which the radial
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is evaluated using a fourth order Runga-Kutta integration method, and a set of 
weight values with these functions are summed to calculate the integral. This is 
performed for each bin in the case of i — 0 and the resultant bin states written 
to a file along with the deuteron ground state which is approximated to being 
purely in an S-state. The integration over k in Eq.(5.2.1) is repeated with the 
intervals of 1/3, 1/5, and 3/16 fm-1. To check the accuracy of the calculated 
bin states, we investigate numerically the orthogonality relations between the bin 
states < <jy'i\(f)i > and find that such relations are satisfied typically to 0.02 at worst.
The calculated bin states are then used to compute the folding integrals
W i V{R) = J drfcU (5.2.3)
in which U (r, R ) is the sum of the effective neutron- and proton-target interaction 
potential discussed in section 2.3. As can be seen from the above equation, these 
folding integrals demand a great deal of computational expense, so that make the 
C D C C  calculations more complex. The folding integrals, which are the deuteron 
folded potential and deuteron-continuum and continuum-continuum coupling po­
tentials, are calculated by direct numerical integration up to a n-p centre of mass 
radius of R  =30 fm. The integration over r is performed up to r =60 fm. These 
potentials are checked by computing their volume integrals,
p oo  p o o  p oo
/ d R R 2Wii,= d R R 2[Up(R) + Un(R)\ / dr&Mfalr), (5.2.4) Jo Jo Jo
and found to agree to an error of less than 1%. In the above equation, UP(R) 
and Un(R) are the phenomenological optical potentials between the proton- and
e q u a t io n  f o r  (f>k,
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neutron-target, respectively. The coupled channel equations are then solved by 
the use of computer program FRESCO [27]. For a consistent comparison of the 
predictions of the C D C C  model with those of the adiabatic and extended models, 
the c.m motion wavefunctions Xii calculated by FRESCO for each bin, are ana­
lyzed independently and combined with the corresponding Coulomb phase (el(TL) 
using the correct Coulomb parameter at corresponding c.m energy. Since the total 
continuum channel breakup wavefunction in the CDCC model is, from Eq.(2.2.1),
yCDCC.BU^ R) =  Y  (5.2.5)
i
the breakup contribution from each bin state are summed up to obtain the to­
tal breakup wavefunction. It is noted at this point that the practical adiabatic 
and quasi-adiabatic model techniques provide only a single solution for the to­
tal breakup wavefunction. The calculated C D C C  total breakup wavefunctions 
i&CDCC,BU, -n partial wave form, are then passed on to the transfer reaction code 
T W O F N R  for the evaluation of the observables that will be presented in section
5.5.
A sufficient and smooth convergence is obtained for the present reaction, at 
Ed =88.2 MeV, with A k =1/5 fm-1 for the elastic channel and with A k =3/16 
fm-1 for the continuum channels. The calculated total breakup coincidence wave­
functions are shown in Fig.5.1. It is clear that the wavefunction converges smoothly 
and rapidly as A k narrows with increasing These results confirm that the
C D C C  model calculations have no residual sensitivity to the chosep parameters. 
The converged C D C C  model wavefunction will be used later in assessing the wave­
functions generated by the extended adiabatic theories. This will b^ presented in ^ 
section 5.4. • ' /
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Figure 5.1: Represents the convergence of the CDCC calculations for the total 
continuum channel coincidence wavefunction (at r = 0) with increasing kmax as 
Ak narrows. =88.2 MeV. ( 0CL = 4* ^ DCC/E,U/ ) .
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5 . 3  C o n v e r g e n c e  o f  t h e  e x t e n d e d  a d i a b a t i c  m o d e l
c a l c u l a t i o n s
This section is concerned with the question (a) put forward at the beginning of 
the chapter. To show the convergence of the calculations of the adiabatic pertur­
bation theory, introduced in section 4.2, and the operator approach, formulated in 
section 4.3, we examine the calculated mean breakup energies £ j l ( R ) used in the 
models (Eqs.(4.2.16) and (4.3.27)). Since ejjj(R) is a complicated function of R  
(see Chapter 3), we present the asymptotic values (at large R) of the energies as 
a function of centre of mass partial wave (X), which are shown in Figs.(5.2) and 
(5.3).
L (Partial wave)
Figure 5.2: The asymptotic mean energy in the adiabatic perturbation theory. 
Ed =88.2 MeV.
Although the mean energies in Figs.(5.2) and (5.3) have similar shapes, they
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are quantitatively and formally different. The mean energy used in the opera­
tor approach, shown in Fig.5.3, is larger than that obtained by the calculations 
of the adiabatic perturbation theory, shown in Fig.5.2. The models produce dif­
ferent average energy results because the associated wavefunctions are different, 
see Eqs.(4.2.16) and (4.3.27). From the figures, it is clear that in both cases the 
iterative calculations for the mean breakup energies converge quickly.
L (Partial wave)
Figure 5.3: The asymptotic mean energy in the operator approach. E^ =88.2 MeV.
In all these calculations the most important changes in the energy values are 
due to the first order iteration in low partial waves, for which the zeroth order 
breakup wavefunction is used. The additional changes from the higher iterations 
are small and, as we shall see, their effect on the associated breakup wavefunctions 
are small.
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To see the effects of the iteration procedure on the breakup wavefunction, one 
has to investigate the variation of the continuum channel wavefunction in different 
partial waves. The results, in Figs.5.4 and 5.5, illustrate the changes induced by 
the iteration procedure, and the convergence of the wavefunctions in the extended 
adiabatic theories. The results of the converged treatments of the continuum 
channel wavefunction shown in these figures lead us to the conclusion that the 
trends in these calculations are similar to those of the iterated quasi-adiabatic 
model discussed in Chapter 3 (see Fig.3.3). In the interior region, the zeroth order 
calculations are dominant and introduce the most important modifications to the 
adiabatic continuum channel wavefunctions. There are no significant changes for 
large L in the exterior. Thus, one can expect that the higher order calculations 
of these models will not have a dramatic effect on transfer reaction observables 
since, as discussed in Chapter 3, the surface region of the nucleus and surface 
partial waves are of particular importance to the energy of interest. This will be 
clarified in section 5.5 by comparing the observables of the iterated and zeroth 
order quasi-adiabatic calculations.
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R (fm)
Figure 5.4: Variation of the moduli of the breakup part of the three-body wave­
function at r = 0 with respect to iteration as a function of R. Calculations are 
carried out using the adiabatic perturbation theory at Ed =88.2 MeV.
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Figure 5.5: Same as Fig.(5.4) but the calculations are carried out using the operator 
approach.
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5.4 C o m p a r i s o n  o f  t h e  m o d e l  w a v e f u n c t i o n s
The differences between the predictions for observables (da/dfl,iTn) of the ap­
proximate three-body models used enter through the different deuteron channel 
wavefunctions. Hence, we concentrate here on the comparison of the adiabatic 
based three-body model wavefunctions with those of the C D C C  method. This 
preliminary assessment of the models, at the wavefunction level, using the C D C C  
will be helpful for the comparison and analysis of the calculated observables.
The properties of the wavefunctions calculated using the different techniques 
can be classified by both radius R , in which we distinguish regions of R  that are 
inside or outside the nucleus, and by angular momenta L. Partial waves of low L 
penetrate to the interior and are affected by all parts of the interaction potential 
U(r,R). Partial waves of high L do not penetrate and are only affected by the 
tail of U(r,R). Therefore we compare the models by investigating the variation of 
their wavefunctions as a function of R  at individual L.
We first study the continuum channel wavefunctions generated by the three- 
body models used. In Figs.5.6 through 5.9, the moduli of the breakup coincidence 
wavefunctions, obtained using the adiabatic based theories and CDCC, are com­
pared for individual partial waves. From this comparison, as a first impression, 
one can see that the continuum channel wavefunction of the adiabatic and its ex­
tended models are misleading at large R , where the absence of phase averaging 
prevents the wavefunctions from decreasing appropriately. This is well understood. 
The breakup wavefunction in the C D C C  calculation decreases with increasing R  
in the asymptotic region, because it is a linear combination of channel functions, 
originating from Eq.(2.1.10), that have different n-p relative energies £&. As R  
increases these functions drift out of phase and they begin to interfere destruc­
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tively. Although the same channel functions are present implicitly in the adiabatic 
based model wavefunctions, the essence of the adiabatic treatment and extended 
adiabatic models are that they are all given the same relative energy and therefore 
they maintain the same relative phase at all R  into the asymptotic region of R.
R (fm)
Figure 5.6: Comparison of the moduli of the entrance channel breakup wavefunc­
tion (at r =0) in CDCC, adiabatic, and extended adiabatic models in the L =0 
partial wave at Ec =88.2 MeV. 5-pm. X-iterated
As discussed in Chapter 3, the nuclear surface region is of particular importance
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R (fm)
Figure 5.7: The same as Fig.5.6 but for L=6.
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R (fm)
Figure 5.8: The same as Fig.5.6 but for L=9.
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Figure 5.9: The same as Fig.5.6 but for L=18.
to stripping. However, it was shown [24] that the lack of phase averaging and the 
resulting overestimation of the adiabatic breakup component of the three-body 
wavefunction beyond the nuclear surface is of little importance at the energies of 
interest here. Any extension of the adiabatic approximation will also show this 
overestimation but will be found nevertheless to be accurate in the context of 
transfer reactions when compared to more accurate CD C C  calculations. This will 
be confirmed later in this chapter.
Furthermore, we find that at low L (L < 6) the wavefunctions of the adiabatic 
and extended adiabatic models always have abrupt change of shape at the nuclear 
surface, as if there were independent breakup process in the inside and outside 
regions which meet and interfere at the surface. To explain why we have different 
breakup mechanisms in the interior and exterior in such calculations we recall the 
source term of the inhomogeneous equations of these models. The breakup channel 
wavefunction (at coincidence) is coupled to the elastic wavefunction by a rather 
weak difference potential, e.g. the one in the source term of the quasi-adiabatic 
formalism in Eq.(4.1.16),
U.OUTCe(r =  0,R) = [U(r = 0,R)~ U AD^\R)}. (5.4.1)
This potential, which is presented in Fig.5.10, is weakly attractive inside the nu­
cleus, and has an even weaker long range repulsive tail in the exterior region.
1
These properties are understandable. The interaction potential U(r = 0,R) tends 
to be strong and short ranged; it is the sum of the short ranged interactions of 
the nucleus with a neutron and proton that remain near each other. On the other 
hand, in the calculation of U AD,opt(R) describing deuteron elastic scattering the 
separation of the proton and neutron assumes large values, of the order of the 
size of the deuteron. This geometrical looseness produces the potential JJAD,opt
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that is more diffuse and stronger than U(r — 0,R) in the exterior, and weaker in 
the nuclear interior. This characteristic geometry of Uaource causes the distinction 
between interior breakup and exterior breakup. Such effects, and the distinctions 
between both regions, is also visible in the CD C C  wavefunctions.
R (fm)
Figure 5.10: Source potential [U(r = 0, jR) — JJAD,opt^ ] of the quasi-adiabatic 
calculations, evaluated for partial wave L =0 at Ed =88.2 MeV.
The comparison of the wavefunctions has enabled us to answer partly (at the 
partial wave level) some of the questions, asked at the beginning of this chapter. In 
reply to (6) and (c), the extended adiabatic models developed provide substantial 
modifications to the adiabatic wavefunction, but only small changes to the original 
quasi-adiabatic wavefunction. The modifications are essentially localized in the 
nuclear interior. Following these preliminary results, and bearing in mind that 
the refined models are designed to clarify and assess critically the quasi-adiabatic
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idea and method, we already appear to have shown numerically that the quasi- 
adiabatic model is in fact a reliable technique. To confirm this suggestion, we turn 
our attention to questions (d) and (e).
To answer question (d), we focus on the near agreement between the continuum 
channel wavefunctions of the adiabatic based theories, shown in the figures 5.6-5.9. 
This agreement suggests that the way of treating the elastic channel corrections to 
the adiabatic model, discussed in Chapter 4, does not play an important role on 
the calculations of the breakup channel wavefunction in these models. For a bet­
ter understanding of this point, we compare the elastic part of the non-adiabatic 
correction terms A x EL, calculated by the quasi-adiabatic model, adiabatic pertur­
bation theory and operator approaches with that obtained by the C D C C  method. 
From the formal developments of the previous chapter, we know that the most 
reliable calculations of A x EL are given by the operator approach. In the quasi- 
adiabatic and adiabatic perturbation theory, the mean energy £jx(-R), which is 
originally used for the treatment of the continuum channel, is also employed to 
generate A x EL• The comparison of the non-adiabatic elastic channel corrections, 
shown in Fig.5.11, illuminates that this rough treatment of A x EL by the adiabatic 
perturbation theory and quasi-adiabatic model calculations produces predictions 
for A x EL of reasonable magnitude when compared to the operator approach and 
CDCC. However, the phase relation between the C D C C  and operator approach cal­
culations is very much better described than those of the other models, due to the 
use of correct center of mass energy for the treatment of the elastic channel wave­
function in the projection-operator approach. Although the operator approach 
produces overestimated results at large R  in low partial waves, this does not cause 
any problem since in the reaction of interest the contributions from beyond the 
nuclear surface are relatively unimportant [24], as explained earlier.
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R (fm)
Figure 5.11: Comparison of the non-adiabatic correction terms to the adiabatic 
elastic channel wavefunction obtained using the extended adiabatic models and 
the C D C C  technique at Ed =88.2 MeV.
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To consider the overall consistency of the quasi-adiabatic methods and its rela­
tionship to the CDCC, and to address question (e), we use the C D C C  calculations 
and check the consistency of the approximation made in the quasi-adiabatic model, 
the replacement of H np by a mean energy £ j l { R ) calculated from the breakup part 
of the quasi-adiabatic model wavefunction. The comparison will also provide an 
insight into the validity of the mean energies used in the adiabatic perturbation 
theory and operator approach model calculations. Thus, in the mean breakup en­
ergy prescription given by Eq.(3.1.1), the breakup part of the C D C C  model wave­
function given by Eq.(5.2.5) is employed and the calculated energy is compared 
with that obtained by the iterated quasi-adiabatic model breakup wavefunction of 
Chapter 3.
L Partial wave
Figure 5.12: Comparison of the mean energy calculated by the iterated quasi- 
adiabatic model with that obtained using the CDCC breakup wavefunction at 
E d =88.2 MeV.
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Fig.5.12 represents the variation of the asymptotic mean energies calculated 
by the CD C C  method at different R  as a function of L , and compares them with 
the quasi-adiabatic model mean energy. In general, the curves have very similar 
behaviour. The dissimilarity at low L is not significant since the same differences 
were seen in the mean energies calculated by the zeroth-order and iterated quasi- 
adiabatic model calculations in Chapter 3 (see Fig.3.2). It has been shown that 
this dissimilarity in low partial waves causes only small changes in the evaluation 
of the continuum channel wavefunction (see Fig.3.3). Thus the results, presented 
in Fig.5.12, are encouraging and justify the reliability of the quasi-adiabatic model 
approach for the present reaction. Howevej, at this point, one might think that this 
can not be a realistic comparison due to the consideration of the asymptotic values 
of the energies instead of their full values that vary with R. It was shown [24] that 
in fact the transfer calculations show little sensitivity to whether the full Ejl(R) or 
its asymptotic (R —> oo) value is used. This is also confirmed by our calculations. 
To clarify this point we study the calculated reaction observables. Because the 
mean energy and the modulus of the breakup channel wavefunctions remains the 
same at large R  in the quasi-adiabatic model, shown in the previous figures through 
Figs.5.6-5.9, whereas they change in the CDCC. So that it is difficult to compare 
both techniques at different R  values, for the assessment of the mean energy used 
in the quasi-adiabatic approximation, even in the asymptotic region of R. Thus, 
the comparison of the transfer reaction predictions would be helpful at this stage, 
which are shown in Fig.5.13. From the figure, it is clear that the choice of the mean 
energy mentioned above has indeed little effect on the observables. The inclusion 
of the deuteron and proton channel non-localities and spin-orbit interactions would 
reduce this effect.
This investigation confirms the validity of the mean energies used in the ex-
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tended adiabatic models; the projection operator approach and adiabatic pertur­
bation theory, because of the similarity between the shape of the energy curves 
presented in Figs.(5.2) and 5.3, and of the underlying physics.
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Figure 5.13: Represents the quasi-adiabatic calculations when the full Ejl(R) and 
its asymptotic value is used. Calculations are performed by the iterated mean 
energy at E d =88.2 MeV.
We are now in a position, in part, to address question (/). The apparent success 
of the quasi-adiabatic like models in treating the continuum channel, as shown 
by the good agreement with those of CDDC, is promising to model the C D C C  
calculations for the present reaction. The C D C C  and extended adiabatic model 
wavefunctions share several features. They have, in general, the same phase in 
•the. nuclear interior unlike the adiabatic one. The breakup functions in these models
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are only appreciable for low partial waves in the deep nuclear interior. In the 
nuclear surface region and the exterior the breakup wavefunctions are weakened 
by absorption and by phase averaging. The adiabatic and its extended model 
calculations give a clear indication of the absorptive weakening of the wavefunction 
but they lose the phase averaging. The enhanced breakup wavefunctions generated 
by the improved adiabatic models are in good agreement in the interior with those 
of CDCC. We will return to question (/) when comparing observables in section
5.5.
Since the extended adiabatic models, including the standard quasi-adiabatic 
theory, provide corrections to the adiabatic model, one expects the calculations 
resulting from these methods to improve upon the predictions of the adiabatic 
theory. In this context, it is interesting to examine the nature of the changes by 
comparing the calculated reaction observables of the extended models with those 
of the adiabatic theory. This will be done in the next section.
5.5 C o m p a r i s o n  o f  r e a c t i o n  o b s e r v a b l e s
To understand the magnitude of the modifications introduced by the iterated quasi- 
adiabatic models, shown in Chapter 3 and the previous section, we evaluate the 
(d,p) reaction observables, the cross section and vector analyzing power (iTu), 
using the computer code T W O F N R  [28] in the zero-range limit. The trends of the 
observables are then compared with those of CDCC.
The calculated reaction observables for the three-body techniques used are 
shown in Fig.5.14. Although the C D C C  wavefunction at coincidence ^ CDCC(0, R) 
was different from that of the extended adiabatic models, presented in Figs.5.6 
through 5.9, the angular distributions of such calculations are in close agreement.
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This demonstrates that the modifications introduced by the extended adiabatic 
models significantly improve over the adiabatic approximation, and that the ex­
plicit inclusion of the more realistic n-p continuum c.m energies used in the ex­
tended adiabatic techniques is crucial in stripping calculations.
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Figure 5.14: Comparison of the three-body model predictions. Angular distribu­
tions of the cross section and vector analyzing power for the 66Zn(d,p)67Zn ground 
state transition at 88.2 MeV.
We can now fully answer question (6), which is related to the corrections 
brought about by the extensions to the adiabatic model. Comparing the cross 
sections due to the breakup plus elastic channels with the result of the C D C C  
and adiabatic calculations, we see that the £jl(B) modifications introduced by 
the quasi-adiabatic like models, and prescribed by Eq.(3.1.2), change the slope in 
a similar manner as that seen in the CD C C  curve. This is in stark contrast to
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the smooth, almost exponential, decay of the adiabatic cross section. There is an 
interference pattern between 15 and 40 degrees in the cross section angular distri­
butions. This is not reproduced by the adiabatic calculations. The reason for the 
presence of such a pattern, which is related to question (h), is from the existence 
of a near side amplitude of comparable magnitude, due to the inclusion of high 
relative momentum components in the extended adiabatic models.
Similarly, an examination of the vector analyzing power angular distributions 
shows similarity of the quasi-adiabatic type calculations to those of CDCC. Both 
the extended adiabatic models and C D C C  calculations produce an interference 
peak around 25 and another around 40 degrees, not seen in the adiabatic calcu­
lations. These oscillations are enhanced by including spin-orbit interactions [17] 
which result in better surface matching which is not done here.
The effects of using Ej l (R) type treatments on the c.m motion show a decrease 
in the dominance of the far-side at forward angles and corresponding increase in the 
role played by the breakup channels. At large angles, scattering from the near-side 
is very small, and the forward angle oscillations, which come from the interference 
of comparably sized near and far amplitudes, die out. The disappearance of inter­
ference pattern from the cross section, as the c.m angle increases, are a signature 
that the reaction amplitude is becoming dominated by particle trajectories lying 
in the reaction plane and passing the nucleus on its far side (the side away from 
detector) [8].
In brief, the results obtained provide strong evidence supporting the importance 
of breakup effects in (d,p) reactions and gives quantitative indications concerning 
the corrections to the adiabatic model.
In reply to question (c), the comparison of the quasi-adiabatic model predic­
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tions with those of the adiabatic perturbation theory and operator approach, using 
Fig.5.14, shows that the refinements introduced by the extended quasi-adiabatic 
techniques are not significant, and have no dramatic effect on the observables.
To answer question (<7), in Fig.5.15 we compare the predictions of the zeroth 
order quasi-adiabatic calculation (ej^ ) with those of its iterated calculations (Ejl) 
discussed in Chapter 3. The aim is to see the effect of the iteration.
1 0 1
  zeroth order QAD
—  iterated QAD 
CDCC
- 0 . 6 0
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Figure 5.15: Comparison of the zeroth order and iterated quasi-adiabatic model 
calculations at 88.2 MeV.
This comparison clarifies that the modifications introduced by the use of an it­
erated mean energy £j\ in the continuum channel treatment of the quasi-adiabatic 
model have no considerable effect on the calculated reaction observables. This re­
sult agrees with our discussion given in Chapter 3. Because the modifications due
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to the iteration of the calculations, shown in Fig.3.3, are localized in the interior 
region of the nucleus, which do not contribute significantly to the transition ma ­
trix calculation in the well-matched and surface dominated transition of interest. 
Furthermore, this comparisonjustifi.es the earlier quasi-adiabatic calculations [17], 
which were performed using the zeroth order mean energy £j°2-
In conclusion, and in answer to question (/), comparing the predictions of 
the extended adiabatic theories with those of the CDCC, we find good agreement 
between the observables. Such models indeed have the power to reproduce the 
features of C D C C  calculations at 88.2 MeV.
5.6 A n  a d d i t i o n a l  test o f  t h e  e x t e n d e d  a d i a b a t i c  
t h eories
With the confidence gained from the previous calculations, performed at Ed =88.2 
MeV, we repeat such calculations at a lower incident energy, Ed =40 MeV. The 
primary purpose of the present work is to study the effect of the incident deuteron 
energy on the calculations of the extended adiabatic models. Our aim is also to 
test the reaction calculations of the adiabatic and extended adiabatic models by 
comparing with those of C D C C for the case of a momentum mismatched reaction, 
since the momentum matching between the entrance and exit channel gets worse 
as the bombarding energy decreases for large tn transitions.
To show the effect of the bombarding energy on the extended model calcu­
lations, we concentrate on the comparison of the continuum channel coincidence 
breakup wavefunctions calculated by the adiabatic model, extended adiabatic the­
ories, and CD C C  method, illustrated in Fig.5.16. From the figure, the corrections, 
introduced by the extended models, to the adiabatic theory are large. Moreover,
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the results of the extended adiabatic theories are now considerably different from 
each other, unlike the case of =88.2 MeV.
0.20 
0.10 
0.20
~  0.10c4j-T
-  0.20
0.10
L=12
AD-Perturbation 
Operator approach 
QAD 
A D
R (fm)
Figure 5.16: Comparison of the moduli of the entrance channel breakup coincidence 
wavefunction (at r =0) in the CDCC, adiabatic, and extended adiabatic models 
for the L =6, 9, 12, and 15 partial waves at E^ =40 MeV.
The differences between the wavefunctions generated by the adiabatic pertur­
bation theory and those of the quasi-adiabatic and operator approach can easily be 
seen. Since the primary difference in these model calculations enters through the 
mean breakup energy, the results shown in Fig.5.16 clarify that at lower energies 
the continuum channel treatment is sensitive to the details of the mean energy 
Ej l ( R )  description used. In other words, as J^gets smaller, the c.m energy in the 
breakup configurations [E — Ej l (R) ]  becomes more sensitive to change in £j l ( R) .
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In contrast, although the mean energies at =88.2 MeV case, shown in Figs.3.2, 
5.2 and 5.3, were numerically different, they produced almost the same breakup 
wavefunctions illustrated in Figs.5.6 through 5.9. This means that at the higher 
energy, the differences in the c.m energies for the broken n-p system [E — £jl(R)\ 
do not play a significant role in the extended adiabatic model three-body wave­
function calculations, unlike the present lower energy case. This suggest the need 
for more careful treatment of the continuum at lower bombarding energies.
The reaction observables calculated by the models used are shown in Fig.5.17.
a
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Figure 5.17: Comparison of the three-body model predictions. Angular distribu­
tions of the cross section and vector analyzing power for the 66Zn(d,p)67Zn ground 
state transition at E d =40 MeV.
Though the curves of the quasi-adiabatic like models are not in close agreement
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with those of CDCC, the structure in the observables are in general reproduced 
when compared to the predictions of the adiabatic method.
In contrast to the Ed =88.2 MeV case, the momentum mismatch in the present 
(d,p) reaction with Ed =40 MeV suppresses contributions from the surface deuteron 
partial waves. Therefore, the modifications on the adiabatic model, shown in 
Fig.5.16, introduced by the extended models, mostly affect the (d,p) transition 
amplitude in low partial waves.
The above results, and the discussion in the previous section, lead to the conclu­
sion that the importance of the wavefunction in the stripping calculation depends 
on the degree of linear momentum and angular momentum matching between the 
entrance and exit channels. Good momentum matching, as in the case of Ed =88.2 
MeV, emphasizes contributions from the nuclear surface region and exterior, poor 
matching places greater importance on interior contributions, as in the present 
case. Since the breakup wavefunctions are largest in the interior, in calculations 
with poor momentum matching the continuum channel wavefunction can sub­
stantially change the results for low partial waves. Thus momentum mismatched 
stripping reactions require a more careful treatment of the breakup process.
Another important point is that at Ed =40 MeV, there are comparable near- 
and far-side amplitude contributions and shown by oscillatory angular distribu­
tions for the entire range of the scattering angle, illustrated in Fig.5.17. This 
means that two sides of the nucleus are involved in the reaction. This is con­
trary to the previous calculations at Ed =88.2 MeV where, at large angles, far side 
contributions were dominant and the cross section angular distributions decayed 
smoothly, see Fig.5.14. Since similar oscillatory angular distributions were seen [8] 
in the 116Sn(d,p)117Sn (jn=l/2+, 3/2+) reactions at Ed =79 MeV for tn transfer
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values of 0 and 2, at this point it would be of interest to apply the models to these 
reactions. This study would make clear the reliability of the extended models for 
the reactions with momentum mismatched transitions.
In conclusion, the present work has clarified the importance of using a more 
correct mean energy in the treatment of the continuum channels in the extended 
adiabatic models at lower incident energies.
The extended models in the case of the mismatched reaction at 40 MeV have 
led to significant corrections to the adiabatic theory. There is however no clear 
indication that these models for the stripping reaction under study is adequate at 
this bombarding energy.
In contrast, to the smooth exponential decline observed in the large angle scat­
tering cross section angular distributions for E d =88.2 MeV, the present case cross 
section angular distributions have remained oscillatory at all angles. Thus, the 
effect of far-side scattering that became apparent in the previous case has little 
influence on the E d =40 MeV transfer reaction mechanism.
While effects due to the nuclear surface are somewhat suppressed in the present 
momentum mismatched reaction, this effect is expected to be significant in well 
matched surface dominated transitions, as shown in the previous section. At this 
stage, it would be of interest to apply the extended adiabatic models to the reac­
tions with small £n transitions at medium energies, where the contributions from 
the nuclear interior play a more significant role.
5.7 C o n c l u s i o n
In summary, by performing the calculations discussed we have shown that the 
extension of the adiabatic method is possible and provides an adequate basis for
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the representation of the three-body wavefunction at E d =88.2 MeV. The number 
of iterations in such calculations, to achieve numerical convergence of the three- 
body wavefunction, is small (~ 5) and has been presented in Figs.5.1 and 5.2.
In order to establish the significance of the modifications introduced and dis­
cussed throughout the Chapters 3, 4, and 5, we have evaluated the reaction ob­
servables, and the trends of these observables have been compared with those of 
the CDCC. By carrying out this comparison we have seen that there are indeed 
significant corrections to the adiabatic model. These are to a large extent included 
when using the alternative techniques developed and the standard quasi-adiabatic 
theory. The comparison of the adiabatic predictions with those of its extended 
models at E d =88.2 MeV has also shed some light on the angular structure of the 
observables, not reproduced by the adiabatic method, present in such models due 
to the inclusion of the high momentum components in the breakup continuum. 
In particular, from Fig.5.14, oscillations in the cross section within the angular 
range of 15 to 40 degrees are manifest as in the CDCC predictions. For the an­
alyzing power, important interference oscillations between 25 and 40 degrees are 
present in the extended adiabatic calculations, but are missing from the adiabatic 
calculations.
An important result is that modifications to the quasi-adiabatic model, namely 
the formal apparatus of the adiabatic perturbation theory and projection-operator 
approximations, has enabled us to understand the quasi-adiabatic approach more 
precisely and that it constitutes a reliable technique at intermediate energies of 
interest. The mean energy prescription in the quasi-adiabatic approach has also 
been compared with that obtained by the C D C C  calculations, and good agreement 
found. This agreement has been confirmed by comparing the calculated reaction
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observables. The importance of using a more correct elastic wavefunction has 
been numerically examined by comparing the predictions of the quasi-adiabatic 
like models and we have found that, within the zero range approximation, the 
elastic channel corrections to the quasi-adiabatic theory are very small.
The effect of the more correct treatment of the continuum states, using an 
iterative scheme, has been investigated in the framework of the quasi-adiabatic 
model at 88.2 MeV bombarding energy. We have shown that the zeroth order 
calculations of the quasi-adiabatic like models are in fact reliable. There is no 
significant effect on the angular distributions of the observables in going from the 
zeroth order to the iterated calculations. Because the modifications due to the use 
of an iterated mean energy only affect the (d,p) transition amplitude in low partial 
waves, they do not change the structure of the calculated reaction observables since 
the transition under study is surface dominated.
However, the iteration of the extended model calculations could provide signif­
icant improvements for the momentum mismatched reactions at medium energies. 
As discussed earlier, the specific contributions to the (d,p) amplitude from the 
breakup wavefunctions are sensitive to the matching between entrance channel and 
exit channel momenta. While good momentum matching emphasizes the surface 
and exterior region, poor momentum matching emphasizes the interior. Therefore, 
it would be of interest to apply the extended adiabatic techniques also to a small 
tn transition at medium energies, which is more mismatched such as the tn =0 
transition in 117Sn at Ed =79 MeV [8], where the contributions from the nuclear 
interior play a more significant role.
The application of the models to the same reaction at a lower incident energy 
has shown a far greater sensitivity to the details of the extended adiabatic models.
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In addition, larger differences have been observed between the predictions of these 
models and those of the CDCC.
We therefore conclude that the models developed, and the quasi-adiabatic the­
ory, has the power to model realistically the more exact but computationally more 
complicated C D C C  calculations at medium energies. It would be interesting and 
straightforward to extend the analysis to other systems. In particular, the extended 
adiabatic theories should find application when the rapidly increasing database on 
reactions induced by light neutron-rich radioactive nuclei, e.g., n Li, with large 
breakup channel effects, is extended to elastic, inelastic, breakup, and transfer re­
action data. The more precise C D C C  approach is unlikely ever to find application 
to the solution of such a four-body problem.
We are now going to apply adiabatic ideas in a different context, to (p,d*) 
reactions for the treatment of the three-body dynamics in the final state, which 
has previously not been investigated consistently.
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C h a p te r  6
A n  a d i a b a t i c  t r e a t m e n t  o f  t h e  f i n a l  s t a t e  
i n t e r a c t i o n s  i n  ( p , d * )  r e a c t i o n s
The (p,d*) pickup reaction, leading to unbound triplet (S = 1) and singlet (S = 0) 
n-p final states, provides a prototype for the study of transfer reactions involv­
ing unbound three-body final states. Such reactions will become increasingly of 
interest as transfer reaction data for light neutron-rich nuclei become available. 
In the analysis of (p,d*) reactions we are free from various structure ambiguities 
encountered in more complex one-nucleon transfer reactions. The basic properties 
of the n-p system are very well established and the interaction between a proton 
and neutron and between nucleons and target nuclei are often well known. In addi­
tion, many experimental data are available on these reactions. A solid theoretical 
understanding of the mechanism of such reactions is thus of great importance be­
fore more complicated systems, like the reactions involving light neutron-rich halo 
nuclei, are considered.
It is now a major interest to model the detailed quantum mechanical behaviour 
of systems involving light neutron-rich halo nuclei. In particular, the observation 
of a neutron-halo in 11 Li [30] has stimulated interest also for 10Li because of its 
importance to the understanding of the halo nucleus 11Li. The fact that n Li is
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loosely bound while 10Li, with one less neutron, is unbound implies that the inter­
action between the valence neutrons plays vital role in its stability and structure. 
With this idea as a starting point several calculations have been made by treating 
n Li as a three-body system comprising a 9Li core and two neutrons [31]. Central 
to these models is the interaction of a single neutron and the 9Li core. For this 
reason, there has been considerable interest in the unbound nucleus 10Li (or 10Li*), 
which is still largely unknown. Most recently it has been suggested that the 10Li 
ground state is a low lying S-wave virtual state just above breakup threshold [21], 
which means that n+9Li has much in common with the singlet n-p system.
Although the central aim of the present work is to provide a convenient theoret­
ical model for the description of (p,d*) reactions, since there has been no consistent 
method published so far to analyze such reactions, the long term thinking behind 
the investigation is to apply the technique developed to the d(9Li,10Li*)p reaction 
in support of solution of the 10Li puzzle and to shed some light on the problems 
involved in the investigation of n Li.
From a strict theoretical point of view, the CDCC method provides an avail­
able model for the description of (p,d*) reactions. However, as was discussed in 
Chapters 2 and 5, such calculations are not computationally easy. In particular, 
the relative breakup energy band for the broken n-p pair for which the singlet state 
cross section is significant is narrow, and imposes the width of discretized bin states 
(Ak) in the CD C C  model calculations to be very small. The C D C C  model works 
most efficiently for wider A k due to the reasonable range (in r) of the continuum 
channel wavefunctions. Whereas narrow A k, according to the Heisenberg uncer­
tainty principle, imposes the wavefunctions to be long ranged in r. This makes 
the calculations of folding integrals in CD C C  calculations, discussed in section
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5.2, more complex. For this reason, here the computationally efficient adiabatic 
method will be used for the treatment of the unbound three-body final states.
We first study briefly the breakup effects in the 13C(p,d)12C reaction at 35 MeV 
incident proton energy using the DWBA, adiabatic and extended adiabatic models 
discussed earlier. The focus of this work will be to further estimate the reliability 
of the adiabatic approximation in this reaction and to determine the necessary 
neutron spectroscopic factors to be used in the (p,d*) analysis. We then apply an 
adiabatic approach to the 13C(p,d*)12C reaction at the same energyCfiQalJ.
6.1 13C ( p 9d ) 12C  r e a c t i o n  at 3 5  M e V
The 13C(p,d)12C reaction is studied with 35 MeV incident protons. Since in a single 
nucleon transfer, such as 13C(p,d)12C, only final states with spins less than or equal 
to 2+ can be populated by 1 p neutron pickup [32], we consider the transitions 
leading to the ground state of spin 0+ (g.s; p\/2) and low lying excited state of 
spin 2+ (Ex =4.44 MeV; p3/2) of 12C. The three-body wavefunction calculations 
discussed in the previous chapters are carried out to investigate the importance 
of deuteron breakup. The experimental cross section angular distributions [33] 
are compared to the D W B A  and three-body model calculations. The D W B A  
calculations are performed with two prescriptions. The first is the conventional 
DWBA, where the distorted waves in both entrance and exit channels are generated 
from phenomenological optical model potentials that describe elastic scattering 
data. The second uses the folding model, where the optical potential for the 
deuteron channel is replaced by the Watanabe potential, the folding of the nucleon- 
target potentials over the deuteron ground state wavefunction.
Different potential parameter sets for the deuteron and proton channels are
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used to investigate the sensitivity to the underlying interactions. The parameters 
used are listed in Table 6.1. In the three-body model calculations of the deuteron- 
12C wavefunction, we use neutron and proton optical potentials obtained from 
fits to nucleon elastic scattering data at half the deuteron energy. These nucleon 
potential parameters are also given in Table 6.1.
An estimate of the accuracy of the adiabatic model for the reaction of interest at 
35 MeV is analyzed by comparison with the predictions of the more sophisticated 
three-body models developed in this thesis.
Zero range calculations are performed using the program T W O F N R  [28]. The 
radial integrals are carried out from 0— 20 fm in steps 0.1 fm. The maximum 
number of partial waves used is 30 for both the entrance and exit channels. The 
separation energy prescription is used to calculate the bound state neutron wave­
functions for a real Wood-Saxon well. The radius and diffuseness parameters of the 
bound state potential are set to 1.25 fm and 0.65 fm, respectively. The spin-orbit 
force in the proton channel is fixed at 6 MeV throughout the present calculations. 
We also assume the two nucleons in the deuteron to interact only in a state with 
relative orbital angular momentum £— 0. We do not include any renormalization 
between the calculated curves and data for the reaction under consideration. In 
the calculation of the reaction observables for the ground state transition, the 
spectroscopic factor is set to 1 for all the theoretical models used. For the 2+ tran­
sition it is chosen to be 1.50 for the three-body models, while values of 1.12 and 
1.60 are deduced for the conventional D W B A  and D W B A  with folding potential, 
respectively. These values provide a good overall description of the magnitude 
and exponential decline of the cross section, especially for the three-body model 
calculations.
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In Fig.6.1 we show the cross sections for the 12C ground state transition (pi/2) 
obtained from the D W B A  and the adiabatic model calculations, together with the 
experimental data [33]. Comparison of the extended three-body model predictions 
with the adiabatic cross section and experiment is given in Fig.6.2. The same 
calculations are repeated for the p3/2 transfer leading to the low lying excited state 
of spin 2+ of 12C, shown in Figs.6.3 and 6.4. From the figures, it is clear that 
the angular structure of the three-body calculations gives a better reproduction 
of the experimental data. The breakup effects are large and D W B A  calculations 
fail to reproduce the data. The D W B A  does not lead to a fast enough falloff with 
angle when compared with the empirical angular distributions. As was discussed in 
connection with the 40 MeV results in Chapter 5, the corrections to the adiabatic 
model are more significant at these lower energies. The inclusion of breakup effects 
is however important for even a qualitative description of the experimental data. 
The details of the calculated cross sections should not concern us here since we 
apply the simplified zero range transfer treatment C  5%3 .
The use of different sources of potential parameters causes no significant qual­
itative differences in the final results. The adiabatic cross sections calculated with 
different potentials for the ground state transition are shown in Fig.6.5. Herein 
we use the combination labeled as lp-2d for the three-body models, which shows 
reasonable agreement with the experimental data for the (p,d) reaction.
The investigation of the validity of the adiabatic approach shows that the adi­
abatic treatment of deuteron breakup during the pickup reaction considered here 
is not unreasonable. Thus, in the remainder of this Chapter we can introduce and 
apply an adiabatic method to give a consistent description of the 13C(p,d*)12C 
reaction with the same incident proton energy, for which data are available. It
98
is hoped that in the future data for the (p,d*) and other like systems will be­
come available also at higher energies where the power of the present theoretical 
technique can be assessed more precisely.
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Figure 6.1: Experimental and calculated differential cross sections for the
13C(p,d)12C reaction leading to the ground state of 12C at E p =35 MeV. The fig­
ure compares the D W B A  and adiabatic model (AD) calculations. The spectroscopic 
factor is set to 1 for all the theoretical models used.
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Figure 6.2: Comparison of the calculated differential cross-section angular distribu­
tions from the three-body models with the experiment for the 13C(p,d)12C reaction 
leading to the ground state transition at E p =35 MeV. The spectroscopic factor is 
set to 1 for all the three-body models used.
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Figure 6.3: The same as Fig.(6.1) but calculations are carried out for the p3/2 
transition leading to the 12C (2+, E x =4.44 MeV) state. The spectroscopic factors 
are set to 1.50, 1.60, and 1.12 for the adiabatic, D W B A  (with folding potential), 
and D W B A  (with optical potential) calculations respectively.
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Figure 6.4: The same as Fig.(6.2) but calculations are carried out for the p3/2 
transition leading to the 12C (2+, E x =4.44 MeV) state. The spectroscopic factors 
are set to 1.50 in these three-body model calculations.
1 0 4
da
/d
Q 
(m
b/
sr
)
@c m (Degrees)
Figure 6.5: The adiabatic model calculations performed with different potential 
parameter sets for the transition (pi/2) leading to the ground state of 12C. The 
spectroscopic factor is set to unity in these calculations.
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6 .2 .1  I n tr o d u c t io n
Deuterons have historically played an important part in nuclear reaction studies 
for investigating nuclear structure. A deuteron is a bound neutron-proton system 
in the T  — 0, S = 1 state, and has a closely related unbound virtual T  — 1, 
S = 0 state which is commonly referred to as the singlet deuteron. It is interesting 
to investigate the role of the singlet deuteron in nuclear reactions for the reasons 
discussed earlier.
New data [33] for the (p,d*) reaction have recently been quoted. For these data, 
for the first time the experimental setup is chosen in such a way as to enhance 
detection of n-p pairs in the 1S0 state. These data are available on a 13C target at 
proton incident energy 35 MeV. There is however no published theoretical study 
which provides a consistent analysis of the (p,d*) reaction. Here for the theoretical 
description of such reactions we suggest the use of the adiabatic approach. We will 
show that theoretical expectations for the magnitude of the (p,d*) cross section 
are considerably different than these quoted data. Before starting to discuss the 
problem in the framework of the adiabatic model, we give a brief background on 
(p,d*) reactions.
Reactions involving three particles in the final state, two of which are a neutron 
and proton, exhibit strong final state interaction effects between the neutron and 
proton as a result of their strong mutual interaction. This is particularly so for 
studies aimed at quantifying the role of the S — 0 d* system in which the neutron 
and proton are observed with low relative energy.
In the early days the three-body final state was thought of as being produced
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via a two-step sequential decay mechanism, e.g [38], described by the equation
b + A  —> (np) + B  —> n + p + B, (6.2.1)
where b and A are the bombarding and target particles, respectively. The reaction 
described by the above equation, involving a sequential decay, implies that in the 
first step the neutron and proton must behave as a single particle for long enough 
to allow B  to escape their radius of interaction. The system then proceeds to the 
second step in which the quasi-deuteron decays into a neutron and a proton. This 
n-p quasi-particle was considered to be the virtual singlet state of the deuteron. 
Thus, it was considered that this entity, composed of a neutron and proton in a 
15'o configuration, behaved similar to a short-lived particle.
Tentative evidence of singlet deuteron production, that is, the formation of a 
n-p pair in a 1 So state with low relative energy, was reported by many authors 
both from incomplete and complete three-body experiments [39]. More specifi­
cally, Temmer discussed the possibility of the singlet state (d*) pickup reaction, 
and suggested the state might be observed in a (p,pn) pickup experiment [40]. The 
possibility of the singlet state data suggested various interesting features in the use 
of such three-body reactions in nuclear spectroscopic studies. One did not have, 
however, any convenient method of analysis for three-body reactions. Nomoto [41], 
first applied a plane wave Born approximation for the calculation of the differen­
tial cross section for the protons from the reactions 13C(p,pn)12C with an incident 
energy of 15 MeV, and 9Be(p,pn)8Be with 5 MeV proton energy. In his work, the 
contributions of the singlet deuteron pickup process to the emitted proton spec­
tra, and to the angular distributions, were discussed. Further, he examined by 
means of theoretical calculations whether such contributions to inelastic proton 
scattering could be detected in the emitted particle spectra. Several authors also
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discussed the problem comparing the pickup reactions leading to the deuteron and 
the virtual deuteron singlet state [42-43]. Cohen et al [44], in their experimental 
studies of (p,d*) reactions on odd-neutron target nuclei, showed clear evidence for 
singlet deuteron formation in the final states and stated that the (p,pn) reaction 
has characteristics that are most easily explained by assuming large contributions 
from the formation of a singlet n-p state in the exit channel. However, they also 
[44] attempted to think of singlet deuterons as particles emitted from nuclear reac­
tions and investigated to what extent such reactions can be treated as analogous to 
reactions in which emitted particles are stable. They described the experimental 
techniques and presented the results of measurements on (p,d*) reactions on vari­
ous targets. It was then realized that thinking of the singlet deuteron as a particle 
was unnecessary and may even be misleading; the reactions may also be considered 
as (p,pn) reactions with final state interactions. Kolltveit and Nagatani [45] went 
on to study (p,pn) reactions within the D W B A  analysing the singlet and triplet 
states of the final n-p system separately. It was shown that the contribution from 
the singlet state was dominant for small relative energies. Three-body breakup 
spectra from a kinematically complete measurement of the (p,pn) reactions were 
also analyzed by two different groups [38, 46] for the production of a neutron 
and proton in a 15'o configuration. It was concluded that at low incident energies 
(around 10 MeV) sequential decay through levels in some nuclei was strong and 
obstructed the observation of possible contributions from n-p final state interac­
tions. High energies were not attainable with the available equipment so that they 
could not give a clear statement for such energies.
In the present work, the effects of the final state interactions on reaction cross 
section are discussed for the 13C(p,d*)12C reaction at 35 MeV bombarding energy 
considering unbound three particle states in the exit channel. Here the d* stands
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for an excited deuteron, being either a proton-neutron pair in relative 1S'o, T  =  1 or 
in a 35'i, T  = 0 state. We assume that coupling between these spin states is weak 
throughout the present calculations. As mentioned earlier, for low n-p relative 
energies where relative .S'-waves dominate, the singlet and triplet channels are 
coupled only through an isovector spin-dependent interaction, i.e. the difference 
between the neutron- and proton-target spin-orbit forces; the isovector part of 
the spin-orbit force. It is known [29] that for reasonable physical values of this 
difference the spin channel coupling effects are smaE at the energies of interest 
here. More generaEy, with increasing energy the importance of such spin coupling 
effects will become more pronounced. For example, Al-Khalih et al [47] showed 
that the inclusion of singlet spin channel coupling has a large effect on the reaction 
analyzing powers for deuteron scattering at energies in excess of 200 MeV. In this 
case however the coupling proceeds through the isoscalar spin-orbit force and n-p 
relative p-waves.
Throughout the present work, we deal only with relative S-wave n-p breakup. 
At the low relative continuum energies discussed S-wave breakup is dominant. 
The consideration of low relative energies is well suited to the use of the adiabatic 
approximation for the treatment of the three body dynamics in the final state. 
Thus, as an example of the application of the adiabatic formalism to systems 
with three-body final states, we study the 13C(p,d*)12C reaction leading to the 0+ 
ground state and 2+ state of 12C at 35 MeVC .
We investigate the nature of the n-p relative energy (sk) dependence of the 
cross section and the extent to which the triplet and singlet states contribute to 
pickup cross section. To study this, we formulate and calculate expressions for the 
the double differential cross section (dVs/dOdefc) as a function of Ek and n-p spin
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state S. Here dfl is the solid angle element of the c.m. of the emerging neutron 
and proton in the centre of mass frame. Due to the weak coupling between spin 
channels, discussed above, the singlet and triplet state contributions to the final 
state can be analyzed separately.
6 .2 .2  F o r m a lis m
Since the coupling between the singlet and triplet n-p states (in relative S-waves) in 
the final state can result only from the isovector part of the nucleon-residual nucleus 
spin-orbit interaction, the transition amplitude for singlet and triplet process can 
be considered separately. The amplitude for neutron pickup, to an n-p pair with 
spin S and relative energy ek, is
2*.(e») = <  |xi+\fP)Mfn) >, (6.2.2)
where Vj*p is the n-p interaction potential for spin S, 4>n the transferred neutron 
bound-state wavefunction, and » *^ e incident proton distorted wave, describes 
proton elastic scattering from the target. We do not show the target spectroscopic 
factor or spin projection labels explicitly. The S did not appear in the equations of 
the previous chapters due to the presence of incident deuteron boundary conditions 
(S =1) and only triplet-S-wave breakup.
In the adiabatic model, the final state three-body wavefunction is of the 
form
¥ r t \ S , f , R )«  ^( S , V, R)  = xfkD <->(£,r - i ^ f ) ,  (6.2.3)
and the transition amplitude of the reaction can be written as
TpAd?(S,ek) = <  xjf < -> (5 ,? , j * X ( f ) |  Vi \x{P+\fP)Mfn) >, (6 .2 .4 )
1 1 0
where V>ffc(r) is a spin S n-p scattering state calculated at n-p centre of mass 
energy e*. The xt^ ^  can Ee evaluated from the corresponding xt^ being 
the solution of the Schrodinger equation,
[ E - e h - T R -  U(r, R)}xff M (S, f, R) =  0, (6.2.5)
in which H np, the n-p relative Hamiltonian, has been replaced by the relative
breakup energy ek- In the above equation, U(r, R) is the sum of the proton- and
neutron-target optical potentials as discussed in Chapter 2.
As in our consideration of the (d,p) reaction, since the transfer amplitudes 
in Eq.(6.2.4) contain a short range factor, V^p, one can introduce a zero-range 
approximation,
V4(fX(f) « ff(f) • (6.2.6)
If the n-p scattering wavefunction is normalised to include a (27r)-3/2 factor, to
normalize the state of momentum to unit density, then
4*'7T< U )  = (2 tt)-3'2 —  Y il<t>lk(S,r)Ytx(f)Y^(k), (6.2.7)
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and, when considering only S-wave breakup (£=0),
<(f) = y°°(#)y~(*)> (6-2-8)
with 4>l=0(S,r) being the radial n-p scattering wavefunction which goes asymptot­
ically as
</>iio(S,r) -+ sin{kr + Sf=0). (6.2.9)
It follows that Eq.(6.2.6) can be written as
/  = D 0(0*(fc), (6.2.10)
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in which the .S' and e*.-dependent zero-range constant is given by
D o ( S , e h) =  J dr r  VBp #i0(iS». (6.2.11)
In zero-range approximation, the e^-dependent transition amplitude in Eq.(6.2.4) 
is therefore
T A? ( S , e k) =  D 0 ( S , e k)Y;o(k)  x
J Xi° (->*(S ,f =  0 , R ) U R ) x ; ( j ^ j R ) d R .  (6.2.12)
As discussed in Chapter 5, in the zero-range limit only the coincidence breakup 
wavefunction x i f  ~  0?-^) is required. In terms of the transition amplitude above, 
the double differential cross section for transfer to the final state of the n-p pair 
with energy e*. can be written as (see Appendix C)
d l i k l =  k  Z  dQnp’ (6.2.13)
where dfl  and dQ,np are the elements of solid angle for the asymptotic centre of mass 
and relative momenta of the n-p pair. In the above k f , the final state asymptotic 
wavenumber of the n-p centre of mass, and &, the relative motion wavenumber, 
are such that
h 2 k 2f  h 2 k 2
E  =  E ' +  e * =  Z + n  (6-2'14)
in which (i and (if are the reduced mass of the relative and centre of mass motions 
respectively. Given our assumption of n-p relative S-states, the angular distribution 
of the breakup remnants is isotropic in their centre of mass frame. Therefore, 
carrying out the integral over the relative momentum directions (df l n p ) 0 the double 
differential cross section above is reduced to the form
dUldek =  (27Th2 )2 ~h D ° ( S ' £k^ M Pd* (6.2.15)
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For comparison with experimental data [33], the double differential cross section 
in Eq.(6.2.15) must be summed over all detected e&, i.e.
J  A D  ne m a x
0 +  =  k f f b  I ‘ N D l ( S , e k) \ M ^ S M e k)dek. (6.2.17)
6.2.3 E x p e r i m e n t a l  C o n s i d e r a t i o n s
Recent new data have been quoted by Ohnuma and co-workers [33]. The experi­
ment was carried out using a 35 MeV proton beam from a sector focusing cyclotron 
at the Institute for Nuclear Study, University of Tokyo. The angular distributions 
of differential cross sections were measured for the 13C(p,d*)12C and 13C(p,d)12C 
reactions leading to the ground state (0+) and the 4.44 MeV state (2+) of 12C over 
a wide angular range.
Enhanced detection of n-p pairs in the 15'o state was performed by measuring 
protons and neutrons emitted at the same angle in coincidence. Since, as will be 
shown in the next section, the probability of a neutron and proton being coupled 
to the 150 state is most enhanced at small n-p relative energy while n-p pairs in 
the 35i state show a broader relative energy spectrum, the measurements were 
confined to a small relative energy region (efc =0 —>0.3 MeV) to observe n-p pairs 
dominantly in the 1So state. The contribution from the 3 Si state was estimated 
from Monte Carlo calculations to be of order 18-23% depending on the angle, and 
was subtracted from the total (p,d*) pickup cross section to obtain the quoted 
singlet channel cross section angular distribution.
where p(efc) — phk/h3, and
M$(S,ek) =  J  XfkD =  0 (6.2.16)
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6.2.4 Calculations
In order to compare the measured cross section with the predictions of the present 
model, calculations have been performed for a range of ek ax values.
We also carried out DWBA based calculations for the reaction considered. In 
these calculations, the exit channel wavefunction in Eq.(6.2.2) is approximated by
« <SB.WBA (-\s,r,R) = xf.WBA (6.2 .1 8)
where xf*VBA ^ \S,R ) is a distorted wave, generated from an optical potential at
energy
E d* =  E - e *  =  E -  0.06 MeV. (6.2.19)
In these calculations two different potentials are used for the computation of the 
distorted wavefunction. In the first model, the distorted wave x E WBA ^ ~ \ S , R )  
is generated from the phenomenological optical model potential that describes 
deuteron elastic scattering data. The second model uses the Watanabe potential as 
in section 6.1. The entrance channel proton distorted wavefunction in both cases 
is calculated using the same phenomenological optical model potential. As was 
discussed in sections 2.1 and 6.1, the DWBA description of the deuteron channel 
wavefunction in (d,p) and (p,d) reactions is inadequate. The use of the DWBA 
like models, for the (p,d*) reaction, will help in clarifying whether the coupling 
between continuum states plays a key role and provide a clue as to the reliability 
of such phenomenological potentials in the description of the (p,d*) reaction.
To see to what extent the spin singlet and triplet states contribute to the pickup 
cross section as a function of ek, the adiabatic and DWBA calculations are carried 
out for both 1 So and 3 Si channels.
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Outgoing d* centre of mass angular distributions for the l n — 1, j n =  1/2  
(ground-state), and £n =  1, j n — 3/2 (E x =  4.44 MeV, 2+) transitions are calcu­
lated using zero range calculations. The radial integrals are carried out from 0—20 
fm in steps 0.1 fm. The maximum number of partial waves is chosen as 30 for 
both the entrance and exit channels. The spectroscopic factor, to be consistent 
with the values deduced from the (p,d) cross sections, is set to 1 for the ground 
state transition, while for the 2+ transition it is chosen as 1.50, 1.12 and 1.60 for 
the adiabatic and DWBA models with the optical potential and folding potential, 
respectively. The singlet-S-wave n-p scattering states are calculated with both the 
Reid soft-core nucleon-nucleon potential [49] and Nijmegan version of the Reid 1 Sq 
channel potential with regularised Yukawa functions [50]. For the calculation of the 
triplet states the Hulthen potential [11] is used. Once again a number of potential 
sets were used for both entrance and exit channels but without any significant dif­
ference in final results. We thus continue to use the potential combination labelled 
lp-2d in Table 6.1 for the adiabatic and DWBA model using the folding potential. 
The DWBA model (with optical potential) is performed with the Ip-ld  potential 
parameter sets.
We first discuss the nature of the £& dependence of the cross section, which can 
be understood as follows. From Eq.(6.2.15), the £& dependence originates in four 
terms: final state asymptotic wavenumber k f , the zero range constant Do(5, £&)? 
the density of states factor p(efe), and the adiabatic final state wavefunction. The 
Ck dependence of the kf and final state wavefunction is small and can be neglected. 
Because the range of n-p relative energies provided is not large (£™a!B =0.3 MeV), so 
the value of kf will vary very little over the relative energy interval, see Eq.(6.2.14). 
The adiabatic model wavefunctions describing the centre of mass motions of the 
continuum n-p system have very similar centre of mass energies (E  — £*.), for
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reasonably large E , provided the energy range of the n-p spectrum is limited. 
Thus, the ek dependence of the cross section will be essentially determined by 
the factor Dq(5, £k)p(£k) together with the (2S  +  1) weighting factor between spin 
states. In Fig.6.6 we plot this factor as a function of e*. for the triplet and singlet 
states. The results are multiplied by the (25 -f 1) factor.
ek (MeV)
Figure 6.6: Comparison of the effective zero range transfer strengths D q( S , £k)p{£k) 
for the singlet (calculated with two different nucleon-nucleon potentials) and triplet 
continuum channels.
The dashed curve represents the result for the 75o channel calculated using 
the Reid soft core nucleon-nucleon interaction [49]. The potential does not place 
the peak position at the usually accepted, e.g. [45], n-p virtual state position of 
0.06 MeV. The solid curve on the other hand, which uses the updated version of 
the Reid potential [50], places the singlet state strength appropriately and also 
changes significantly the predicted singlet state amplitude over the entire energy
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range. For this reason in our calculations for the analysis of the (p,d*) reaction, 
the updated Reid potential will be used. The dot-dashed curve is the calculated 
effective 3Si continuum channel strength. From the figure it is clear that the singlet 
state strength dominates for small relative energies. In contrast, the contribution 
from the triplet state dominates only at larger relative energies, and in the absence 
of the singlet channel virtual state, the distribution is broader.
Fig.6.7 shows the adiabatic double differential cross sections, calculated using 
Eq.(6.2.15), at 0 c.m.=2O° for both singlet and triplet states.
£k (MeV)
Figure 6.7: Comparison of the double differential cross section calculated by the 
adiabatic (AD) model with the Dg(S, £k)p(£k) factor. For comparison the triplet 
contribution of the D l ( S ,  £k)p{^k) is multiplied by 3 due to the (25 +  1) factor.
The figure also compares the adiabatic results with the effective zero-range 
transfer strengths D q(S,  £k)p{^k) for the 1So and 3 Si np continuum channels over 
the relative energy interval 0< £k <0.3 MeV. The spin factors and spin depen­
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dence are included exactly in the full reaction calculations of the adiabatic model. 
For comparison the curves of D ^S1, £k)p(£k) have been normalized to the adiabatic 
calculations. From the figure, one can easily see that the energy dependence of 
Dq(S, £k)p(£k) is very close to that of the full calculations which are almost en­
tirely understood in terms of Dq(S, £k)p(^k) and determined by the relative motion 
between the neutron and proton. We should note however that while the ek depen­
dence of the cross section is determined essentially by the relative motion between 
neutron and proton, its magnitude and angular dependence are strongly influenced 
by the description of the centre of mass motion of the n-p pair and the explicit 
inclusion of three-body effects.
In Fig.6.8, the adiabatic angular distributions of the energy integrated cross 
section, obtained from Eq.(6.2.17), for the ground state transition (p i / 2 ) are com­
pared to experiment. The contributions of the singlet and triplet channels to the 
pickup cross sections are plotted separately, together with the summed cross sec­
tion. Since, as mentioned before, the measured angular distributions are those 
for the singlet channel differential cross section, only the adiabatic and DWBA 
singlet channel cross sections can be compared with data. For this comparison 
the calculated /S o  channel cross section is normalized to data by multiplying a 
factor of 20. The enormous difference (by factor of 20) between the magnitudes 
of the theoretical and experimental results is of course unacceptable. We will dis­
cuss this point later in detail in the following section and concentrate here on the 
comparison of the angular distributions of the theoretical and experimental cross 
sections. Within the zero range limit, the overall agreement of the adiabatic cal­
culations with experiment, for the angular distributions, is good. The calculated 
peak at forward angles agrees with the experimental peak. The cross section at 
larger angles is less than experimentally seen but the maxima and minima seem
118
to b e  reproduced.
ft
aT3
bft -  np singlet contribution 
np triplet contribution
- np total contribution 
•  np singlet data
-  np singlet contribution * 20
0 .0  2 5 .0  5 0 .0  7 5 .0  100 .0
0 cm (Degrees)
1 2 5 .0  1 5 0 .0
Figure 6.8: Angular distributions of d* for lp  neutron pickup in the 13C(p,d*)12C 
reaction leading to the ground state of 12C at 35 MeV. Comparison of the adiabatic 
calculations with experiment.
The contribution from the xSo state is estimated from the adiabatic calculations 
to be about 65% —80% depending on the centre of mass angle and shown in Fig.6.9, 
together with the fraction of the triplet channel contribution, for the relative energy 
interval (e*. =0 —> 0.3 MeV).
In Figs.6.10 and 6.11, we illustrate the cross section angular distributions of the 
DWBA. The DWBA calculations also produce reasonable angular distributions for 
the outgoing n-p pair when compared with data and the adiabatic results. Such 
models do not however produce a consistent description of both (p,d) and (p,d*) 
reactions due to the exclusion of the three-body effects. The (p,d) calculations
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discussed in the previous section already confirmed this fact and the angular dis­
tributions of the DWBA were lacking in structure and overestimated the magnitude 
of the outgoing deuteron cross section, shown in Fig.6.1.
Another point is that in the numerical implementation of the DWBA for the 
(p,d*) reaction, we arbitrarily choose the relative n-p energy as e* =  0.06 MeV. 
As a result, the predictions of these models, shown in Figs.6.10 and 6.11, are 
considerably different in magnitude to those of the adiabatic model, shown in 
Fig.6.8. In the adiabatic model, the treatment of three-body dynamics in the final 
state is taken into account in a consistent manner.
To complete the analysis, calculations are repeated for the p 3 / 2 (E® =4.44 MeV, 
2+) transition. The results are shown in Figs.6.12 and 6.13. While the magnitude 
of the adiabatic cross section for the singlet channel is not reproduced successfully, 
as in the 0+ transition, the slope of the experimental data agrees with the calculated 
curve, unlike the almost smooth cross section of the DWBA.
For completeness, in Figs.6.14 and 6.15, we show the vector analyzing powers 
calculated by the adiabatic model for both the 0+ and 2+ transitions. These figures 
suggest that the use of polarized protons in the (p,d*) reaction could be great value 
in separating the 5  =  0 and 5  =  1 channel effects. At forward angles the signs 
of the analyzing power are characteristic of the n-p final state spin. The same 
calculations were carried out for the (p,d) reaction in section 6.1, although the 
results were not shown. Here the adiabatic model predicts correctly the sign of the 
available analyzing power data for both transitions, which is negative for the p x /2 
transition and positive for the p 3 / 2 transition.
We now turn our attention to the demonstrated disagreement between the 
magnitudes of the adiabatic calculation of the singlet channel cross section and the
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experimental data of reference [33]. In the next section we discuss carefully the 
relative magnitudes expected theoretically of the (p,d) and (p,d*(S=0)) differential 
cross sections as a function of the maximum detected relative energy of the outgoing 
n-p pair. This discussion requires us to study the effect of the Q value in the pickup 
reactions of interest. We will show that the quoted experimental values are difficult 
to reconcile with a consistent theoretical description of the closely related (p,d) and 
(p,d*) processes.
©cm (Degrees)
Figure 6.9: The fraction of the singlet and triplet channel contributions for the 
13C(p,d*)12C reaction leading to the ground state of 12C at 35 MeV. Calculations 
are carried out using the adiabatic model developed.
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Figure 6.10: The same as Fig.(6.8) except calculations are carried out using the 
DWBA with phenomenological optical potential.
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Figure 6.11: The same as Fig.(6.8) except calculations are carried out using the 
DWBA with folding potential.
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Figure 6.12: The same as Fig.(6.8) but calculations are carried out for the p a / 2 
transition using the adiabatic model. The spectroscopic factor is set to 1.50.
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Figure 6.13: The same as Fig.(6.8) but calculations are carried out for the p3/2 
transition using the DWBA with a phenomenological optical potential. The spec­
troscopic factor used is 1.12.
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Figure 6.14: Represents the adiabatic calculations of the the vector analyzing 
power angular distributions for the ground state transition.
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Figure 6.15: The same as Fig.(6.14) but calculations are carried out for the p s / 2 
transition to the 2+ state of 12C.
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6.2.5 Discussion
By general considerations, and with reference to the full adiabatic calculations, 
we can obtain rather reliable estimates of the singlet channel pickup cross section, 
relative to that of the (p,d) reaction, for the same incident energy and neutron 
transfer. The ratio of the cross sections of the (p,d) and (p,d*(S=0)) reactions, 
obtained from these calculations can be compared with those quoted as empirical 
values. This comparative study will show that the discrepancy in magnitude of 
the singlet channel cross section between the adiabatic model and the experimental 
data is indicative of an incorrect experimental determination of the requested cross 
section.
From Eq.(6.2.17), the singlet channel cross section, for a given n-p relative 
energy range =  0 —» £™ax, is
i A D  i /»£maa;
"fflf =  J 0 ¥ f h  I  ‘ k f D ° { S  =  =  (6.2.20)
Similarly, the (p,d) cross section is given in the form
In zero range approximation, the matrix elements M AB( S  =  0,£fc) and M AJ° in 
the above cross section expressions are
M $ { S  =  0,e*) = <  x i D (- ) (5 ' =  0 , r =  ^n(R)x + ( - A - R )  > , (6.2.22)
and
K f  = <  xf(_)(r =  0,R)\Mxt(J>  ■ (6-2.23)
The adiabatic model three-body wavefunctions (in the centre of mass frame) 
anc  ^ XdD  ^  ^ satisfy the equations
[ E - e k - T R -  U ( f =  0 , R ) ] x $ °  <+>(S =  0 , f =  0 , R )  =  0, (6.2.24)
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[E +  ed -  Tr  -  U ( f  =  0, R ) \ x i °  W (F =  0, A )  =  0. (6.2.25)
It is worth noting that the equations for the continuum and deuteron channels 
differ only in the centre of mass energy available and, in the case of the singlet 
continuum, the absence of any spin-orbit interaction effects. In the cross section 
expressions, Eqs.(6.2.20) and (6.2.21), kf and k f , the asymptotic centre of mass 
momenta of the outgoing n-p pair in the (p,d*) and (p,d) reactions respectively, 
are such that
„  „  h2k j  h2 k 2
*  =  +  =  ( 6 -2 -2 6 )
and
h 2 k 2f
E  — E f  — ed — — L -  ed. (6.2.27)2 fif
The spectroscopic factor, which is not shown explicitly in the cross section 
expressions, is fixed to be equal for the two reactions and consequently will cancel in 
any comparison. As was noted in the previous section, the cross section expressions 
for the spin triplet and singlet final states will effectively contain an additional 
factor (25 +  1) in the full calculations which include spin degrees of freedom.
In estimating the (p,d*(S=0)) cross section expression, for reasonable E (e.g.
~  35 MeV) and provided the range of n-p relative energies 0< £k <  s rk ax is not 
large, the value of kf will vary very little over the relative energy interval and 
can be removed from the integral as kf where kf «  kf  is a representative energy 
appropriate to the relative energy bin considered. For a given narrow range of ek 
the matrix element (5  =  0 ,£k) in Eq.(6.2.20) will also have only rather weak 
dependence on the relative energy and therefore we will write
and
□iff1 =  =  ^  SrDl{S =  (6.2.28)
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To the extent that E f  — E  — Ek ~  E  +  ed — E f  and there is only weak spin 
dependence arising from the (n-p)-target interactions in the final state, the wave­
functions and X d ° •> describing the centre of mass motions of the continuum 
n-p and bound deuteron systems, should be very similar. Consequently we may 
assume \ M AB( S  =  0,£/s)|2 «  \M £ P \2. In practice, the reaction Q value in the (p,d) 
and (p,d*) reactions is different and this difference does have a small effect on 
the cross section calculations, which is to be shown explicitly later in this section. 
However, for estimation purposes this effect will be neglected here. In this case 
the relative magnitudes of the (p,d) and (p,d*(S=0)) cross sections are determined 
by 3Dq(p,cI) (due to the triplet final state) for the (p,d) reaction and
m a x
D * ( S  =  0 , e ) m  =  /  ‘ D l ( S  =  0 (6.2.29)t/0
for the (p,d*(S=0)) reaction. The terms in the above integrand have been dis­
cussed in the earlier section and the effective zero-range transfer strength £>o(5 =  
0, £k)p(£k) f°r !be 15o continuum channel, over the relative energy interval 0< £k <1 
MeV, was shown in Fig.6.^. The value of D q(S  =  0,e^a£C) for =0.3 MeV is 
494 MeV2 fm3. For comparison with the (p,d) reaction strength we take the value 
D'*0 (p ,d )  =  —125 MeV fm3/2 or D l ( p , d )  =15625 MeV2 fm3 that is used in the full 
adiabatic (p,d) calculations. The estimated cross section ratio for £™ax =0.3 MeV 
is therefore
( ^ ) p j  /  ~  (3 x 15625)/494 rj 95, (6.2.30)
which means that the predicted cross section for the (p,d) is 95 times larger than 
the cross section for the (p,d*(S=0)).
In Figs.6.16 and 6.17, we compare the measured and adiabatic calculation an­
gular distributions of the (p,d) and (p,d*(S=0)) reactions for the p 1 /2 and p 3 / 2
with a representative energy e*..
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transitions. The ratio of the measured (p,d) to (p,d*S=0)) cross sections is 8 for 
the p 1/ 2 transition at, for example, 0 c.m. =28° and 4 for the p3/2 transition at 
©c.m. =33°. Whereas we find the ratio for the calculated cross sections, obtained 
using the adiabatic model, as 100 for the p 1 /2 transition and 112 for the p 3 /2 tran­
sition at the same scattering angles. The results of the full adiabatic calculation 
are thus in good agreement with the ratio estimated above and which is dictated 
only by the properties of the n-p interaction, through D 0 (S ,£k ) and the value of 
The small discrepancy in the adiabatic and estimated results is due to the 
small dependence on reaction Q value and the spin-dependence included in the full 
adiabatic calculations.
We note that the value of D l ( S  =  0,e™a!B) given by Eq.(6.2.29) increases with 
increasing £™ax and consequently the estimated ratio of the (p,d) to the (p,d*(S=0)) 
cross sections becomes smaller. This is confirmed by the full adiabatic calculations 
and the results for the (p,d*S=0)) calculations, carried out using different 
are shown in Fig.6.18.
To further clarify the reliability of the adiabatic calculations, the percentage of 
the singlet channel contribution to the pickup cross section will be estimated. This 
estimated can be compared with that obtained by the adiabatic calculations in sec­
tion 6.2.4. Using the present simplified discussion, the singlet channel contribution 
is given as the ratio of the singlet to total strength, i.e.
f)2(C — f) e-max',
* S in ’ , a - x [Dai m f t U s l i M s . M i r - ) )  ■
where D q( S  — l,e™aa;) is the triplet strength which is, in analogy to Eq.(6.2.29),
- g m a x
D l ( S  =  l,e£ “") =  /  * D 20( S  =  l , e k)p(ek)dek, (6.2.32)
Jo
with £™ax =0.3 MeV, 71 MeV2 fm3. The estimated percentage singlet channel
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% Sin g le t  «  100 x ^  -  -  -  —  «  70%, (6.2.33)
in good agreement with that obtained by the adiabatic calculation shown in Fig.6.9.
The percentage of the triplet channel contribution will increase relative to the 
singlet channel at higher relative energies of the outgoing n-p pair, as can be 
understood from Fig.6.6.
For completeness, the relative magnitudes of the (p,d) and (p,d*(S=0)) cross 
sections are estimated as a function of the maximum relative energy of the outgoing 
n-p pair and given in Table 6.2. The calculated (25-+-l)D0(5, £™ax) factors and the 
estimated percentages of singlet channel contribution to the pickup cross section 
are also included in Table 6.2. While Table 6.3 shows the ratio of singlet to 
triplet strength and compares the calculated (25 +  1 ) D 0( S  =  l,e™a£B) with the 
corresponding (p,d) reaction strength as a function of e™a£C. It is hoped that these 
tabulated predictions will be useful in further analysis of (p,d*) reactions.
In addition to the magnitude differences, the measured (p,d*(S=0)) cross sec­
tions decrease more slowly at larger angles than the (p,d) cross section, shown in 
Figs.6.16 and 6.17. The approximations used above to clarify the relative mag­
nitudes of the (p,d) and (p,d*) cross sections suggest the cross section angular 
distributions for the two channels should be very similar. In the full zero range 
adiabatic calculation, the angular distributions for the (S=0) continuum n-p are 
similar to that for the deuteron but there are differences such as a shift in peak 
positions. This shifting in peaks is produced by our theoretical calculations as an 
effect of different reaction Q values and of the inclusion of the spin-orbit intercation 
in the case of the 5  =  1 deuteron channel. The reaction Q value (Q =  E f  — E{),  
the difference between the final state and initial state centre of mass energies,
(p,d*) contribution for e™ax = 0 . 3  M e V  is approximately
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is (—4.94—£&) MeV, for each relative energy state, for the (p,d*) reaction and 
—2.78 MeV for the corresponding (p,d) reaction. The more negative Q value used 
in the (p,d*) reaction has only very small effect on the magnitude of the cross 
section. To show the Q  value effect, we rescale the (p,d) and (p,d*(S=0)) cross 
sections to remove the zero range transfer strength factors (25 -f l ) D l ( p , d )  and 
(25 T- 1)jDq(5 =  Q,£™ax). That is, we evaluate
^ U ( 2 S  +  l ) D l M  =  (6.2.34)
and
(^ f W 5 °(5 =  ° ’e r ”) “  ( 2 ^ y Y lM^ {S =  ° ’^ )|2‘ (6'2'35)
The scaled cross section angular distributions are shown in Fig.6.19. Although the 
magnitude of the (p,d*(S=0)) cross section depends primarily upon the value of 
the maximum relative energy of the n-p pair, together with the relative motion of 
the continuum n-p system, and explicit inclusion of three-body effects, there is a 
small but significant effect due to the spin-dependence and the reaction Q  value 
on the cross section angular distribution.
Throughout this simplified discussion we show that adiabatic model calcula­
tions make very definite predictions for the relative magnitudes of the (p,d) and 
(p,d*) cross sections. The work presented throughout section 6.2 suggests the need 
to reconsider the quoted data for the experiment on the (p,d*(S=0)) reaction. How­
ever, the accuracy and possible shortcomings of our adiabatic calculations are still 
under investigation.
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Figure 6.16: Comparison of the measured and adiabatic calculation angular distri­
butions for the 13C(p,d)12C and 13C(p,d*(S=0))12C reactions leading to the ground 
state transition (pi/2) of 12C at 35 MeV.
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Figure 6.17: Comparison of the measured and adiabatic calculation angular dis­
tributions for the 13C(p,d)12C and 13C(p,d*(S=0))12C reactions leading to the p3/2 
transition of 12C at 35 MeV.
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Figure 6.18: Represents the variation of the (p,d*(S=0)) cross section as a func­
tion of £™a*. Calculations are carried out using the adiabatic model for the 
13C(p,d*(S=0))12C reaction leading to the ground state transition of 12C at 35 
MeV.
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£ r n a x  ( M e y ) D l ( S  =  0 , e r m) 3 D 20( S  =  l , e r x)
3  d i m  
D l ( S = 0 ,e™ aa!) % Singlet
0.1 171.9 44.0 272.6 79.7
0.3 494.2 212.0 94.8 70.0
0.5 754.4 432.2 62.1 63.6
0.7 976.9 682.2 48.0 59.0
1.0 1263.2 1095.2 37.1 53.6
1.5 1671.2 1816.6 28.0 47.9
Table 6.2: Shows the estimated ratio of the (p,d) to (p,d*(S=0)) cross section and 
the percentage of singlet channel contribution to the (p,d*) pickup cross section in 
terms of the calculated (2 S- { - l )D l ( S ,e/TaaJ) factors as a function of e™ax.
e r n a x  ( M e y ) D 2 ( S ^ 0 , e r x) 3 D 2( S  =  l , e r x) 3  D 2n ( p , d )  3 D % ( S = l , e ™ a x )
D ^ S = 0 , e ^ )
3 D ^ ( S — l , e Y i a x )
0.1 171.9 44.0 1065.0 3.90
0.3 494.2 212.0 221.0 2.33
0.5 754.4 432.2 108.4 1.75
0.7 976.9 682.2 68.7 1.43
1.0 1263.2 1095.2 42.8 1.15
1.5 1671.2 1816.6 25.8 0.92
Table 6.3: Shows the estimated ratio of singlet to triplet strength and the com­
parison of the (p,d) reaction strength 3DQ(p,d) with the (2S+l)I7o(5 =  l,e™aaj) 
factor as a function of e™ax.
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Figure 6.19: Shows the effect of the reaction Q value and spin-dependence by com­
paring the 13C(p,d)12C and 13C(p,d*(S=0))12C normalized reaction cross sections 
for the ground state transition at 35 MeV.
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6 . 3  C o n c l u s i o n
In the first section of this Chapter, as part of the study of the (p,d*) reaction, we 
have investigated the deuteron breakup effect in the 13C(p,d)12C reaction leading 
to the ground state and excited state ( E x =4.44 MeV) of spin 2+ of 12C at 35 
MeV. Experimental angular distributions were compared with theoretical calcu­
lations. In the investigation we have used the DWBA, adiabatic and extended 
adiabatic three-body models for the calculation of the deuteron final state wave­
function. From the investigation, the deuteron breakup process strongly affects the 
transfer cross section and, within the zero range limit, the three-body models used 
successfully reproduce the experimental data for the (p,d) reaction. The DWBA 
calculations are unable to describe the measured cross section angular distribu­
tions. A number of potential sets were tested, both for deuterons and protons, 
without any significant difference in final results. As the main aim of this work, we 
investigated the reliability of the adiabatic model and showed that the zero range 
adiabatic treatment of deuteron breakup during the pickup reaction considered is 
reasonable. In addition, the necessary neutron spectroscopic factors to be used in 
the analysis of the (p,d*) reaction were deduced.
In the second part of this Chapter, an adiabatic method was developed and 
applied to the 13C(p,d*)12C reaction with 35 MeV incident proton energy. This 
application clarified particularly the relationship between the three-body dynamics 
in the final state for (p,d) and (p,d*) reactions. It has been shown that for small 
, the £*. dependence of the cross section in (p,d*) reactions is determined almost 
by the relative motion between neutron and proton. In addition, the singlet and 
triplet state of the final n-p system have been analyzed separately, due to the 
weak coupling between spin channels at the energies of interest. We have found
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that the contribution from the singlet state is dominant for small relative energies 
while the triplet state dominates for large energies and its distribution is broader 
in the absence of a virtual state in that spin channel. The investigation of the 
calculated vector analyzing power angular distributions using the adiabatic model 
has suggested the need for using polarized protons in the (p,d*) reaction considered 
to more clearly separate the spin channel contributions.
For the n-p relative energy range stated for the available data the contribution 
from the 15o channel to the final state has been estimated from the adiabatic 
calculations to be about 65% — 80% depending on the centre of mass scattering 
angle.
The disagreement between the magnitudes of the measured and adiabatic sin­
glet channel cross sections has been discussed in detail and shown to arise in the 
adiabatic calculation from the basic properties of the n-p interaction. This requires 
the need for the reconsideration of the analysis of the (p,d*(S=0)) experiment.
Furthermore, since as is evident from the adiabatic formulation the main dif­
ference between singlet-S and triplet-S deuteron scattering states is the spin and 
spin dependence forces, one might hope that the study of (p,d*) reactions could 
be used to investigate the effects of spin in the deuteron channel. In particular, it 
would be easier to examine discrepancies between data and theories for the case 
of singlet scattering, because of the absence of D state components and spin-orbit 
or tensor distortions.
The presented adiabatic approach for dealing with transfer reactions which lead 
to a three-body final state experiencing large final state interaction effects is more 
generally applicable to other nuclear systems. In particular, the analysis of the 
d(9Li,10Li*)p reaction using the present model might be helpful in solving the 10Li
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puzzle discussed earlier, and shed some light on one of the major problems involved 
in the investigation of the structure of 11 Li.
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C h a p t e r  7
S u m m a r y  a n d  C o n c l u s i o n
The quasi-adiabatic calculations of reference [17] for the 66Zn(d,p)67Zn (g.s; 5 /2 “ ; 
t n =3) reaction at 88.2 MeV showed significant improvements in the description 
of experimental data when compared with equivalent adiabatic results.
In spite of this success, theoretical justification of the assumptions made in the 
model are yet to be given. The work presented in Chapters 3 through 5 were mainly 
concerned with the clarification of these theoretical uncertainties by performing 
a rigorous investigation of the accuracy, and the validity, of the quasi-adiabatic 
model.
Having gained confidence from the calculations of the above reference, we first 
turned our attention to the breakup continuum itself. The arguments of Chapter 
3 placed emphasis on the need for a more correct treatment of the high relative 
momentum components in the continuum. An iterative scheme for a self consistent 
mean energy calculation, in the framework of the quasi-adiabatic formalism, was 
introduced. The calculations of the effects of the self consistent treatment of the 
positive energy continuum on the centre of mass motion showed significant changes 
over the published lowest order quasi-adiabatic calculations of reference [17]. We 
showed that the iterative scheme converges quickly and that a large part of the
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correction to the mean energy Ej l (R)  is reproduced by the first iteration. Nev­
ertheless, the most important modifications to the breakup continuum are due to 
the zeroth order calculations which introduce significant changes to the adiabatic 
wavefunction. This was confirmed by comparing the calculated reaction observ­
ables for the above reaction, by using both the zeroth order and iterated mean 
energies in calculations of the quasi-adiabatic three-body wavefunction. This in­
vestigation provided a preliminary insight into one aspect of the reliability of the 
quasi-adiabatic calculations of reference [17].
In Chapter 4, the quasi-adiabatic model was developed formally beyond the 
original Amakawa-Austern [16] formulation to clarify the nature of the assumption 
^qjEL __ -qfAD,EL'j mac[e jn model and of the significance of the non vanishing 
amplitude < (j>d\4lQAD,BU > . In the same chapter, we also developed quite gen­
eral alternative approximation schemes for the treatment of quantum mechanical 
three-body systems, which are extensions of the ideas and methods of the original 
quasi-adiabatic technique. The models formulated in that Chapter are extended 
adiabatic theories and provided a clear understanding of the assumptions relating 
to the decomposition of elastic and breakup components of the wavefunction and 
of the non-adiabatic correction terms.
In Chapter 5, we discussed the applications of the extended adiabatic theories, 
together with the adiabatic model, to the deuteron breakup process in the reaction 
66Zn(d,p)67Zn (g.s; 5 /2 “ ; i n =3) at 88.2 MeV. This and other large £n transfer 
reactions at this energy provide a valuable testing ground for such three-body 
reaction models since the observables in this reaction are particularly sensitive to 
the treatment of high energy n-p relative motion components in the n+p-{-target 
three-body wavefunction.
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The aim of the present work was not the reproduction of the available data since 
the calculations did not include the deuteron D-state nor non-S-wave breakup, 
which are known to be important ingredients quantitatively. While spin-orbit 
interactions were not included in the final calculations as a result of our need to 
compare with CDCC calculations (FRESCO [27] does not allow for these terms), 
these terms were included fully in the three-body formulation and as an option 
in calculating the three-body wavefunctions. Our primary aim was to investigate 
quantitatively the potential of the extended adiabatic models within the realistic 
model environment. Thus, to test the concepts of the models and to assess their 
reliability for future applications, the CDCC calculations were performed using the 
the same n-p interaction and nucleon-target interaction inputs.
By performing the reaction calculations, discussed in Chapter 5, within the 
zero-range limit, we showed that the extended adiabatic methods provide useful 
representation of the three-body wavefunction. In order to establish whether the 
modifications introduced by the models developed are improvements, we evaluated 
the reaction observables and compared these with the results of CDCC calculations. 
By carrying out this comparison it was shown that there are indeed significant 
corrections to the adiabatic model brought about by the refined quasi-adiabatic 
models.
An important conclusion is that the modifications to the standard quasi-adiabatic 
model, when compared with the CDCC results, suggest that the usual quasi- 
adiabatic theory is a reliable technique for the treatment of the deuteron breakup 
process, and the approximations made in the model are reasonable. The mean 
energy in the quasi-adiabatic approach was assessed by comparing its asymptotic 
value with that obtained using CDCC wavefunction, and good agreement was
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found. This was confirmed by comparing the calculated observables. The con­
tributions to the observables from using more correct elastic wavefunction were 
numerically examined. The predictions of the quasi-adiabatic model, which treats 
the elastic channel corrections to the adiabatic model roughly, with those of CDCC 
and the projection operator approach, which treats the non-adiabatic elastic cor­
rection term more correctly, were compared. We found that the elastic channel 
corrections to the quasi-adiabatic theory are negligible. These two assessments 
clarify the validity of the approximations made in the model.
These models can now be seen as an important tool for those hoping to under­
stand the mechanisms of transfer reactions involving loosely bound systems, and 
is worthy of further investigation.
In Chapter 6, as part of the study of the (p,d*) system, leading to a three-body 
final state, we investigated the deuteron breakup effect in the 13C(p,d)12C reaction 
leading to the ground state (0+) and 4.44 MeV state (2+) of 12C at 35 MeV. Exper­
imental angular distributions [33] were compared with theoretical calculations. In 
the investigation the DWBA, adiabatic, and extended adiabatic models were used. 
From the investigation, it was shown that the deuteron breakup process strongly 
affects the transfer cross section, and the three-body are essential to successfully 
reproduce the experimental data. The DWBA calculations were unable to describe 
the measured cross section angular distributions.
The focus of this work was however to estimate the reliability of the adiabatic 
approximation for the reaction, since the central aim of Chapter 6 is to provide 
a convenient theoretical model, using the adiabatic theory, for the description of 
transfer reactions involving unbound three-body final states. Within the zero-range 
limit, the adiabatic treatment of deuteron breakup during the pickup reaction
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considered was found reasonable. The necessary neutron spectroscopic factors 
used in the analysis of the (p,d*) reaction were deduced from the (p,d) reaction. 
Then, the model developed was applied to new data [33] for the 13C(p,d*)12C 
reaction with 35 MeV incident proton energy. There has been no consistent method 
published so far to analyze such reactions which will become increasingly important 
for spectroscopic purposes as transfer reaction data for light neutron rich nuclei 
become available.
This application clarified the relationship between the three-body dynamics in 
the final state of (p,d) and (p,d*) reactions. It was shown that since in the present 
application the data extend over a very narrow n-p relative energy (e*.) interval, 
that £k dependence of the cross section in (p,d*) reactions is determined almost 
by the relative motion between neutron and proton. This will not be the case 
in general, however the technique developed is perfectly general in this respect. 
Due to the weak coupling between spin channels of the continuum n-p system at 
the energies of interest, the singlet and triplet state pickup cross sections for the 
the final n-p system were analyzed separately. We found that the contribution 
from the singlet state is dominant for small relative energies while the triplet state 
dominates for large energies. An investigation of the calculated vector analyzing 
power angular distributions showed that a better indication of the singlet/triplet 
pickup strengths can be found by analyzing iT n  results, and, using the results 
obtained, we suggest the use of polarized protons for the reaction of interest. 
The disagreement between the magnitudes of the measured and adiabatic singlet 
channel cross sections was discussed in detail and shown to arise in the adiabatic 
calculation from the basic properties of the n-p interaction. This requires the need 
for the reconsideration of the analysis of (p,d*) experiment.
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The adiabatic model formulated for the treatment of the final state interactions, 
is directly applicable to other nuclear systems, like d(9Li,10Li*)p reaction. This 
investigation might be helpful in solving the 10Li puzzle, discussed at the beginning 
of Chapter 6, and shed some light on one of the major problems involved in the 
investigation of the structure of n Li.
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A p p e n d i x  A
T h e  c o m p l e x  m e a n  e n e r g y  m o d e l
Here a possible complex mean energy model, mentioned in Chapter 3, is discussed 
briefly.
A complex mean energy is introduced by adding and subtracting a function 
denoted e(r, R )  into Eq.(2.4.2), the exact inhomogeneous equation for 4 ! ^ ?
[ E  -  e(r, R)  — Tr — U(t , R )  ] * ? > ,  R )  =
( U(v, R )  -  U°p,(R)  ] * “ (r, R )  +  [ H n p -  e(r, R )  } 9 f ? ( r ,  R ) .  (A. 1)
Using the partial wave expansion, the above equation becomes
{ J E  +  ~W^ "  ¥  [ UJL( r , R )  +  +  ed } =  
| ? { [ U j l (v ,R) -  U ^ ( R ) ] X E B ( R ) M r )  +  ~  A. 2)
where ed , the deuteron binding energy, is added and subtracted for the numerical 
implementation. In the above equation k is the asymptotic wavenumber corre­
sponding to E c.m . and U j l  is the interaction potential which is discussed in Chap­
ter 2. We choose ejL such that the second term on the RHS of Eq.(A. 2) vanishes,
i.e.
[ H np -  eJL(r , R)  }x j E fy, R ) M r ) =  (A - 3)
from which the mean energy is defined as
, , m  E n p [ X j l ( r , R ) M * )  1 /* 4>£jIr(T, Xi) r BXJ( T>\A ( \ 1 ‘ ' '
X j l  us R ) M r )
1 4 6
The energy is in general complex because X j l  complex. On the LHS of Eq.(A. 
2), (gjl +  ed) can be interpreted as the mean change in the n-p centre of mass 
energy due to the breakup components in the wavefunction. In addition, we can 
define an effective interaction potential on the LHS of Eq.(A. 2) by combining 
(6 j l  +  £d) with U j l  such that
U'/l'Y,R) =  [eJL(r, R) +  e j  +  UJL{r, R) .  (A. 5)
Therefore the mean energy can be considered as part of the interaction potential in 
this model. This interpretation is however less attractive in the case that (ejx +  Cd) 
does not vanish asymptotically, however it does allow one to make a physical 
interpretation on the sign of the imaginary part of ej£.
In analogy to the self-consistent mean energy calculations discussed in Chap­
ter 3, Eq.(A. 4) with Eq.(A. 2) can in principle be iterated to calculate Zj l  and 
the associated wavefunction X j l  ■ Using the first estimated mean energy value, 
obtained from the adiabatic wavefunction in Eq.(A. 4), the breakup component 
of the quasi-adiabatic wavefunction X j l  c°nld be generated by solution of Eq.(A. 
2). The quasi-adiabatic breakup wavefunction obtained would then be introduced 
into Eq.(A. 4) to compute the iterated mean energy. The iteration scheme given 
in Fig.3.1 could be used with the appropriate equations.
In the numerical implementation of 6 j l , H np in Eq.(A. 4) is replaced by (Tr +  
Vnp), and Vnp is considered as the Hulthen nucleon-nucleon potential used to gen­
erate 4>d{r). The mean energy is computed at small n-p separations, because of 
their dominant role in transfer reaction calculations. In the zeroth order calcula­
tions we find that the imaginary part of the asymptotic mean energy is positive for 
low partial waves while the real part remains more or less constant. However, for 
high partial waves the real part changes rapidly while the imaginary part becomes
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As described in Eq.(A. 5), the mean energy is considered as part of the inter­
action potential in this model. Therefore the imaginary part of the asymptotic 
energy should not be positive. A positive imaginary potential causes exponentially 
growing asymptotic solutions which lead to unphysical boundary conditions.
negative as s h o w n  in Fig.A.I.
Partial wave L
Figure A .1: Large R  behaviour of the zeroth order complex mean energy ejj^r, R)  
as a function of L  at r  =0.1 fm in the quasi-adiabatic model.
To confirm our calculations, the effect of the Hulthen potential on the mean 
energy calculations within the small n-p separations is discussed, since it is not a 
realistic nucleon-nucleon potential at small distances. We then reformulate Eq.(A. 
4) by acting Tr on the wavefunction (Xjl $d) 1° eliminate Vnp,
(Tr + Vnp) [ X? F ( r , R ) M r ) ]
e j h ( r , R ) =
X j l  (r , R ) M r ) 1 
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.  h 2 J 2 ( v , & ) - ( v r f )  +  W ) i
=  ~ ed -  J----------- ( A .  6 )2/^np' [Xjl $*]
where Sd =  rcfrd- The calculations were repeated using the above expression. We 
find the same result as in Eq.(A. 4), which means that Vnp is not responsible for 
the behaviour of Ej l -
In addition to the above analysis, we replace the quasi-adiabatic model breakup 
wavefunction by the breakup part of the CDCC model three-body wavefunction in 
the numerical implementation of the complex mean energy. This test calculations, 
produce similar result shown in Fig.A.2, clarify that the adiabatic wavefunction 
used in Eq.(A.4) does not cause the unwanted behaviour of Ej l (t , R )  at large R  
distances.
Partial wave L
Figure A .2: The same as the previous figure but the calculations are carried using 
the CDCC breakup wavefunction at R  =15 fm.
It is then realized that although both prescription, for the treatment of the con-
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tiniium channels in the quasi-adiabatic model, given by Eq.(A.4) and Eq.(3.1.2), 
produce different results, there is a relation between these calculations. For exam­
ple, the mean energy model expressed in Eq.(3.1.2) can generate a complex energy, 
that is similar to the one presented in Fig.A.l, if the upper limit of the integral is 
chosen as a small r  value. However, Eq.(3.1.2) produces a real and positive mean 
energy values because the imaginary part becomes zero for large r  (r >  20 fm). 
On the other hand, Eq.(A. 4) can reproduce a physically acceptable complex mean 
energy which has a negative imaginary part, if all contributions of r  up to 20 fm, 
where the breakup wavefunction used converges, are taken into account.
In the light of the above, we conclude that the complex mean energy model 
given by Eq.(A.4) cannot be used in its present form in the treatment of the 
breakup process in reactions involving deuterons due to the behaviour of the imag­
inary part of Ejl in the asymptotic region.
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A p p e n d i x  B  
A n  a t t e m p t  t o  i m p r o v e  t h e  a d i a b a t i c  t h e o r y
Here we develop an alternative way of calculating the non-adiabatic corrections to 
the adiabatic model three-body wavefunction.
We start with separating the total wavefunction into the adiabatic one , 
and the correction term A 1®^. These satisfy
[E -  H np -  TR - +  A®„J =  0. (B. 1)
Eq.(B. 1) can be rearranged as
[E -  Hnp -  Tr  -  U]A ® ,, =  (Hnp +  e,)®4f , (B. 2)
since
[Ec.m. -  Tr  -  U]®£f =  0. (B. 3)
Using the form of the adiabatic wavefunction (for clarity, the spin projection labels 
are dropped)
®^D =  4>dXAD, (B. 4)
where x AD is
XAD =  exp(ipo.R)  +  (Ec.m. -  Tr )~1 U x AD, (B. 5)
which satisfies Eq.(B. 3), then the RHS of the Eq.(B. 2) can be written as
[Hnp +  ed)4>dx AD =  - f i —  [2 ( V r Sd) • ( V rXAD) +  & V ,V D] (B. 6)
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where S d =  r<j)d. From Eq.(B. 5), the first and second derivatives of the adiabatic 
wavefunction in the above equation are given as
V rXAD =  K m . - T r -  U ) - \ V rU ) x AD, (B. 7)
V , y D =  - T b -  u n  { V 2rU ) x AD +  2 (V,J7) • (V rXAD) }. (B. 8)
Therefore, Eq.(B. 6) can be transformed to the form
(.Hnp +  ed)(f)dx AD —
- 5— K . m. -  -  C7)-1{(V z7 7 ) ( 5 y D) +  2(Vrtl) • [Vr( % JJ3)]}. (B. 9)
4flnpT
We replace Jfnp on the LHS of Eq.(B. 2) by an average energy e that is associated 
with the non-adiabatic term and can be calculated by Eq.(3.1.2). Thus
Eq.(B. 2) becomes
( E  -  e -  Tr  -  U ) A q  =
~ Z — { E c.m. - T r -  u y q n u ^ S i x r  +  2 ( V rV)  ■ [Vr( 5 y D)]>. (B. 10) 
The correction term now can be expressed in the form 
A *  =  - f — { E - E - T r -  - T r -
^flnpT
+2(V ,f7) • [Vr( 5 y D)]>. (B. 11)
Using the operator relation given by Eq.(4.1.13), and assuming that e depends on 
R  weakly, to allow its commutation with the inverse operators given in the above 
equation, we obtain
1 5 2
A *  =   (€d +  - £ - T r -  U ) - 1 -  (E c.n . - T r -  U)~ 1 } { ( y l U ) ( S d X AD)
AflnpT
+ 2 (V,(7) • [V .(5dX'4D)]}- (B. 12)
More clearly the above equation can be given as
A $  =  A # 2 -  A ^ i, (B. 13)
where A ^ i and AW2, which have only outgoing waves, satisfy the equations
( E - e - T R - U )  A * ! =
+  f)"1{(V 2f /) (^ x '1D) +  2(V rl7) • [ V .^ x ^ ) ] } ,  (B. 14)
AflnpT
and
(Ec.m. -  Tr -  tl)A tf2 =
+  f ) - 1{(V rT ) ( 5 ,x '1D) +  2(V,!7) • [ V ^ x ' 10)]}- (B. 15)
Afl npT
The source term of the inhomogeneous equations, Eq.(B. 14) and Eq.(B. 15), have 
a different structure when compared to those of the quasi-adiabatic like models 
discussed in Chapter 4, and there is no link between the present formalism and 
that of adiabatic or quasi-adiabatic. The source terms of the above equations 
involve the full adiabatic wavefunction (including the breakup component). It is 
the aim of this work to answer whether it is convenient to use such a wavefunction 
in the source term of an inhomogeneous equation, that generates the non-adiabatic 
correction term, to improve the adiabatic theory.
1 5 3
Although the technique developed seems mathematically convenient, the iter­
ated calculations in describing the three-body wavefunction for the d-f-66Zn system  
at 88.2 MeV did not converge. We discuss possible reasons for the non-convergence 
of the calculations. One reason is that the full adiabatic wavefunction is not ex­
pected to give an accurate representation of the exact wavefunction for values of 
r  outside the range of n-p potential. So, the derivative of the wavefunction be­
yond such ranges is suspect. Another reason is that it would be convenient if 
the whole source term in the above equations were a short-ranged function of R.  
The present formalism would then resemble the quasi-adiabatic like models and it 
could be solved in a similar fashion. Unfortunately, the term V r(SdXjE)  remains a 
function of r  for large values of R , therefore the source term of the above equations 
has long range. This long range correction term expresses the incorrect asymp­
totic distribution of energies of tyAD. These two reasons cause the non-convergence 
problem in the calculations of the correction term and the associated mean energy.
Nevertheless, this work justifies the discussion of Amakawa and Austern [22], 
who attempted to improve the adiabatic theory by developing a similar model in 
which the same problem mentioned appeared.
1 5 4
A p p e n d i x  C
D e r i v a t i o n  o f  t h e  d o u b l e  d i f f e r e n t i a l  c r o s s  s e c t i o n  
f o r  ( p , d * )  r e a c t i o n s
Here the target spectroscopic factor and spin labels will not shown explicitly, unless 
it is thought essential to emphasize their importance.
For an N-particle final state, the general expression for the reaction cross section 
is given, e.g. [51], by
^ = £  /  n  ( 2 ^ = i )  i^ i2 ^  ^  ■-«>• x)
where pj  is the momentum of particle j  in the exit channel, V{, the initial state 
velocity (v{ =  P i /p i) ,  and Tfi the transition matrix element for the system going 
from an initial (?) to a final ( / )  which was discussed in detail in section 6.2. The 
wavefunctions in Tfi are normalized to incident plane waves lE'R), Conservation 
of energy and momenta is ensured by the 6 —functions.
The P f , E f ,  Pi, and Ei stand for the momentum and energy in the exit and 
entrance channel respectively, and are defined by
A  =  £ p i ,  (C .2 )
3 = 1
Ei f i p l M f n ,  (C. 3)
4
N
E f  =  ^ 2 p 2j/ 2 p j  — Ei +  Q,  (C. 4)
j -1
where Q is the Q -value for the reaction. Since, in the centre of mass frame
N
Pi — 0 and p>j =  0, (C. 5)
i=i
1 5 5
^ = 5 g / f t  j y S f Z ji^i2 6 { E u  - E r ' - Q)• (c-6)
For reactions leading to a two-body final state, the coordinates for which are 
shown in Fig. C .l, the reaction cross section expression reduces to the form
=  l g  J w -  -  s r -  -  Q)> (o. ri
and its integration over the unobserved recoil p 2 yields
^  = S g  / 0 ? ™ *  W  - ^ - « )■  8)
The total energy E f  for this system is
E f  =  p \ / 2 m 1 H- p l / 2 m 2 =  P 2 / 2 ( m 1 +  m 2) +  P ^ / 2 p R, (C. 9)
where P  — p x -f  p 2, p R =  (m im 2)/(m i +  m 2), and PR (using R  — f x -  r2),
-Fr =  /fcfl(pi/mi -  p2/ m 2) =
™ 2  m ! / f> -» \ m l G m l
=  ( c ' 1 0 )
Since P  =0 in the centre of mass frame, Eq.(C. 10) gives
Pr  =  Pl, (C. 11)
while Eq.(C. 9) in this case is
E f m- =  Pl/2=  E r . (C. 12)
From Eq.(C. 11), one can replace d3pi  in Eq.(C. 8) by
the cross section expression in Eq.(C. 1) can be rearranged as
d3Pl = d3PR =  P2RdPRdSlR, (C. 13)
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P 2RdPRdFlR =  P 2ff / d E RdSlR =  PRii Rd E RdjaR. (C. 14)
atjR
Carrying out the integral in Eq.(C. 8) over the energy conserving 8 ( E r  — E f 171, — Q)  
function, the differential cross section for a two-body final state is
d a  =  (c- 15)
where P r iir / (2^%)3 is the density of states for the two-body kinematics. The 
above equation can be expressed in the standard well known form as
da  piPR kR ,
d U n  -■ (c- 16)
In a (p,d*) reaction, we have three-body final states. The reaction cross section 
(in the centre of mass frame), in analogy to the previous two-body case and using 
Eq.(C. 6), is expressed in the form
^  =  I  £ /  ^ + * + ft) -  Er -  -  q )■ (c .  i t )
Integration over the unobserved recoil p 3 reduces the equation above to
=IE/  w |T/i|2 6 { E r  ~ E r ' - Q)■ (c-18)
The total energy E f  for a three-body final state, for which the relevant coordinates
are illustrated in Fig. C.2, is
E f =  p \ / 2 m 1  +  p \ j 2 m 2 +  p3/2m 3 =  P 2 / 2 M  +  P r / 2 / i r  +  p 2v/2f ir , (C. 19)
where
M  — m 1 +  m 2 +  m 3, (C. 20)
which can be rewritten as
fir — m 1m 2/m1 + ra2,
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(C. 21)
P R  =  ( m i  +  m 2) m 3/ M , (C. 22)
-P  =  ft + P 2  +P3- (C. 23)
In the centre of mass frame P  =0. The relative coordinate (r) and centre of mass 
coordinate (R ) are
- - m i f t  +  r n 2r 2r =  Tl -  7*2, , f t  =  -7 ------ ,. . . . . .  \ - - - - - - - r3, (C. 24)(mi +  m 2)
in which r*i, r 2, and P3 are the position vectors for the corresponding particles. The 
relative momentum between neutron and proton is defined by
dr
P r  —  pr m 1m 2  ^ pi _  ———) ~ m 2 - P i m  1dt m i  +  m 2 mi m 2 mi -f m 2 m i +  m 2 
Similarly, the centre of mass momentum P r  is
- d R  m ^ i  m 2v 2
P r  =  P r - 77 ~  I R \  T 1 T  ^3) =at m i  +  m 2 mi +  m 2
P 2 - (C. 25)
m3 m 3 _ m i  -f m2 _ _ _ m: +  m2 -+ _ , _
M P1 +  M P2 “  “ m ” Ps =  P1 +P2 “  ~ l j — P = P l  + P 2 ’
where p 3 is replaced by (P  — pi  — p 2).
Thus, the evaluation of the Jacobian yields
d { P R , P r ) 1 m 2/ ( m i + m 2)
1 —m 1/(m 1 +  m 2)^(PL,P2)
It follows we can replace d3p i d 3p 2 in Eq.(C. 18) by
d3p i d 3p 2 =  d?PRdapr,
where (in analogy to Eq.(C. 14)),
d ^  P r  —  P R P R d E R d C t R ,
1 .
(C. 26)
(C. 27)
(C. 28)
(C. 29)
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d  p r  —  f i p P f L d s T d h j . , [C. 30)
E cf-m - =  E r  +  er =  P r /2(1r  +  p H 2 p r . (C. 31)
Upon integrating out the energy conserving 6 ( E r  +  e r —  E f ™ '  —  Q )  function in 
Eq.(C. 18), the (p,d*) cross section is
da  =  32) 
and, the double differential cross section is
rfV _  W R (C. 33)
and, from Eq.(C. 19), in the centre of mass frame
dflRdeT (2irh2)2 k{ 4 (27r?l)3
We note that in the calculations carried out in section 6.2, the n-p relative
wavefunctions were normalized to unit density and the incident plane wave was
normalised to
< r\k  > =  (27r)-3/,2exp(ik • r). (C. 34)
With this n-p relative wavefunction normalization Eq(C. 33) reads
rfV _  w n  ( a 3 g )
d U l R d e r (27r^2)2 k{ 1 fp
where |T/i|2 =  [1/(27r The matrix element Tfi was discussed in detail
in section 6.2 where it was denoted as Tpd*. The factor (p rhkr /%3) in the above 
equation is the density of states p(er) for the exit channel of (p,d*) reactions.
As discussed in Chapter 6, the coupling between the singlet (:5o) and triplet 
(35 i) n-p states in the final state of the (p,d*) reaction can result only from the 
isovector part of the nucleon-residual nucleus spin-orbit interaction. Thus, the
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transition amplitude Tfi for singlet and triplet processes can be considered sepa­
rately. Hence, for each final state Eq.(C. 35) gives
d  0p5   PiflR k R  1^ ,5 |2 P'rh'k'r
jftfil THd n Rder (27v%2f  ki 1 fil t i
S  being the spin of singlet channel (5  =  0) or triplet channel (S  =  1).
(C. 36)
Figure C .JL: Shows the coordinate system for two-body interaction.
Figure C Shows the coordinate system to represent the (p,d*) exit channel 
reaction variables.
160
B i b l i o g r a p h y
[1] S.T. Butler, Phys.Rev. 80 (1950) 1095.
[2] J. Horowitz and A.M.L. Messiah, Phys.Rev. 92 (1953) 1326; N. Austern, 
Direct Nuclear Reaction Theories. Wiley, New York (1970); W. Tobocman, 
Theory of Direct Reactions, Oxford University Press, London (1961); N.K. 
Glendenning, Nuclear Spectroscopy and Reactions, Part D, ed. J. Cerny, Aca­
demic Press, New York (1975) p.319.
[3] J.L. Yntema and H. Ohnuma, Phys.Rev. Lett. 19 (1967) 1341.
[4] D.P. Bouldin and F.S. Levin, Nucl.Phys. A 198 (1972) 449.
[5] L.D. Faddeev, Soviet.Phys.-JETP-12 (1961) 1041; L.D.Faddeev
Math. Aspects of the Three-body Problem in the Quantum Scatt. Theory 
(Israel Progr. Sci. Transl., Jerusalem, 1965).
[6] A.W. Thomas, Lecture Notes in Physics, edited by H. Zingl., M. Haftel and 
H. Zankel (Springer-Verlag 1978), vol 87, p.247; Y. Koike, Nncl.Phys. A 337  
(1980) 23, and references therein.
[7] R.C. Johnson and P.J.R. Soper, Phys.Rev. C l (1970) 976.
[8] E.J. Stephenson, R.C. Johnson, J.A. Tostevin, V.R. Cupps, J.D. Brown, C.C. 
Foster, J.A. Gering, W.P. Jones, D.A. Low, D.W. Miller, H. Nann, C. Olmer,
161
A.K. Opper, P. Schwantdt, J.W. Seubert, and S.W. Wissink, Phys.Lett. 
B 171 (1986) 358; E.J. Stephenson, V.R. Cupps, J.A. Tostevin, R.C. John­
son, J.D. Brown, C.C. Foster, W.P. Jones, D.W. Miller, H. Nann, and P. 
Schwandt, Nucl.Phys. A 469 (1987) 467; R.C. Johnson, E.J. Stephenson, and 
J.A. Tostevin, Nucl.Phys. A 505 (1989) 26.
[9] R.C. Johnson and P.C. Tandy, Nucl.Phys. A 235 (1974) 56.
[10] A. Laid, J.A. Tostevin, and R.C. Johnson, Phys.Rev. C48 (1993) 1307.
[11] A. Laid, Ph.D. Thesis, Univ. of Surrey, England, (1991).
[12] G.H. Rawitscher, Phys.Rev. C9 (1974) 2210; 11 (1975) 1152; Nucl.Phys. 
A 241 (1975) 365.
[13] J.P. Farrell, C.M. Vincent, and N. Austern, Ann.of Phys. 96 (1976) 333; N. 
Austern, C.M. Vincent, and J.P. Farrell, Ann.of Phys. 114 (1978) 93.
[14] M. Kamimnra, M. Yahiro, Y. Iseri, H. Kameyama, Y. Sakuragi, and M. Kawai, 
Prog.Theor.Phys.Suppl. 89 (1986) 1; N. Austern, Y. Iseri, M. Kamimura, 
M. Kawai, G. Rawitscher, and M. Yahiro, Phys.Rep. 154 (1987) 125; J.A. 
Tostevin, M.H. Lopes, and R.C. Johnson, Nucl.Phys. 465 (1987) 83; M. 
Kamimura, Prog.Theor.Phys. 62 (1977) 236; M. Kawai, M. Kamimura, Y. 
Mito, and K. Takesako, Prog.Theor.Phys, 59 (1978) 674.
[15] G. Round, Ph.D. Thesis, Univ. of Surrey, England, (1992).
[16] H. Amakawa, N. Austern, and C.M. Vincent, Phys.Rev. C29 (1984) 699.
[17] E.J. Stephenson, A.D. Bacher, G.P.A. Berg, V.R. Cupps, C.C. Foster, N. 
Hodiwalla, P.C. Li, J. Lisantti, D.A. Low, D.W. Miller, C. Olmer, A.K. Opper,
162
B.K. Park, R. Sawafta, S.W. Wissink, J.A. Tostevin, D.A. Coley, and R.C. 
Johnson, Phys.Rev. C42 (1990) 2562; D.A. Coley, Ph.D. Thesis, Univ. of 
Surrey, England, (1989).
[18] J.J. Kolata, M. Zahar, R. Smith, K. Lamkin, M. Belbot, R. Tighe, B.M. Sher­
rill, N.A. Orr, J.S. Winfield, J.A. Winger, S.J. Yennello, G.R. Satchler, and
A.H. Wuosmaa, Phys.Rev.Lett. 69 (1992) 2631; M. Lewitowicz, C. Borcea,
F. Carstoiu, M.G. Saint-Laurent, A. Kordyasz, R. Anne, P. Roussel-Chomaz, 
R.Bimbot, V. Borrel, S. Dogny, D. Guillemaud-Mueller, A.C. Mueller, F. 
Pougheon, F.A. Garrev, S.N. Ershov, S. Lukyanov, Yu. Penionzhkevich, N. 
Skobelev, S. Tretyakova, Z. Dlouhy, L. Nosek, and J. Svanda, Nucl.Phys. 
A 562 (1993) 301.
[19] I.J. Thompson, J.S. Al-Khalili, J.A. Tostevin, and J.M. Bang, Phys.Rev. C 47  
(1993) R1364; J.S. Al-Khalili, I.J. Thompson, and J.A. Tostevin, Univ.of 
Surrey Report CNP-93/10, submitted to Nucl.Phys. A.
[20] M. Yahiro, Y. Iseri, H. Kameyama, M. Kamimura, and M. Kawai, 
Prog.Theor.Phys.Suppl. 89 (1986) 32; H. Amakawa and N. Austern, 
Phys.Rev. C27 (1983) 922. G.H. Rawitscher, Phys.Rev. C l l  (1975) 1152;
[21] R.A. Kryger, A. Azhari, A. Galonsky, J.H. Kelley, R. Pfaff, E. Ramakrishnan, 
D. Sackett, B.M. Sherill, M. Thoennessen, J.A. Winger, and S. Yokoyama, 
Phys.Rev. C 47 (1993) R2439; B.M. Young, W. Benenson, J.H. Kelley, N.A. 
Orr, R. Pfaff, B.M. Sherrill, M. Steiner, M. Thoennessen, J.S. Winfield, J.A. 
Winger, S.J. Yennello, and A. Zeller, Phys.Rev. C49 (1994) 279.
[22] H. Rawitscher and R.Y. Rasoanaivo, Phys.Rev. C 27 (1983) 1078; H. 
Amakawa and N. Austern, Phys.Rev. C 27 (1983) 922.
163
[23] F.D. Bechetti and G.W. Greenlees, Phys.Rev. 182, 1190 (1969).
[24] D.A. Coley and J.A. Tostevin, J.Phys. G 14 (1988) 97.
[25] H. Feshbach, Ann.of Phys. 5 (1958) 357; 19 (1962) 287.
[26] M. Yahiro and M. Nakano, Prog.Theor.Phys. 87 (1992) 169.
[27] I.J. Thampson, Computer program FRESCO, University of Surrey, unpub­
lished; Computer Physics Reports, 7 (1988) 167.
[28] M. Igarashi, M. Toyoma and N. Kishida, Computer program TWOFNR, pri­
vate communication.
[29] J.D. Harvey and R.C. Johnson, J.Phys. A 7 (1974) 2017.
[30] I. Tanihata, T. Kobayashi, O. Yamakawa, T. Shimoura, K. Ekuni, K. Sugi- 
moto, N. Takahashi, T. Shimoda, and H. Sato, Phys.Lett. B 206 , 592 (1988); 
T. Kobayashi, O. Yamakawa, K. Omuta, K. Sugimoto, T. Shimoto, N. Taka­
hashi, and I. Tanihata, Phys.Rev.Lett. 60, 2599 (1988).
[31] H. Esbensen, G.F. Bertsch, and K. Ield, Phys.Rev. C48, 326 (1993); G.F. 
Bertsch and H. Esbensen, Ann.Phys.(N.Y) 209, 327 (1991); M.V. Zhukov,
B.V. Danilin, D.V. Federov, J.S. Vaagen, F.A. Gareev, an d . J. Bang, 
Phys.Lett. B 265, 19 (1991); L. Johannsen, A.S. Jensen, and P.G. Hansen, 
Phys.Lett. B 244 , 357 (1990); Y. Tosaka and Y. Suzuki, Nucl.Phys. A 512, 46 
(1990); J.M. Bang I.J. Thompson, Phys.Lett. B 279, 201 (1992). For errata 
see Surrey University Report No.CNP93/4.
[32] D.K. Scott, P.M. Portner, J.M. Nelson, A.C. Shotter, A.J. Mitchell, N.S. 
Chant, D.G. Montague, and K. Ramavatram, Nucl.Phys. A 141 (1970) 497.
164
[33] H. Ohnuma and H. Toyokawa, I.N.S Tokyo, private communication; H. 
Toyokawa, H. Ohnuma, Y. Tajima, T. Niizeki, Y. Honjo, S. Tomita, K. 
Ohkushi, M.H. Tanaka, S. Kubono, and M. Yosoi, Contribution to the 
(SPIN94) 8th Int. Symp. on Polarization Phenomena, 212 (1994)
[34] C.M.Perey and F.G. Perey, Atomic and Nuclear data tables 17, 1 (1976).
[35] E. Fabricci, S. Micheletti, M. Pignanelli, F.G. Resmini, R.De Leo,
G.D’Erasmo, A.Pantaleo, J.L Escudie, and A. Tarrats, Phys.Rev. C21, 830 
(1980).
[36] M. Ieri, H. Sakaguchi, M. Nakamura, T. Noro, H. Sakamoto, H. Ogawa, M. 
Yosoi, T. Ichihara, Y. Takeuchi, H. Togawa, T. Tsutsumi, H. Ikegami, and S. 
Kobayashi, Contribution to the 6th Int. Symp. on Polarization Phenomena, 
1106 (1985)
[37] G. Perrin, Nguyen Van Sen, J. Arvieux, A. Fiore, J.L. Durand, R. Darves- 
Blanc, J.C. Gondrand, F. Merchez, and C. Perrin, Nuc.Phys. A 193, 215 
(1972)
[38] A. Niller, W.von Witsch, G.C. Phillips, C. Joseph, and V. Valkovic, Phys.Rev. 
C l, 1342 (1970)
[39] I. Slaus., Rev.Mod.Phys. 39, 575 (1967); and references therein.
[40] G.M. Temmer., Bull. Am. Phys. Soc. 9, 108 (1964)
[41] M. Nomoto., Nucl.Phys. 81, 180 (1966)
[42] J.E. Bowcock, N.H. Gangas, Phys.Lett. B 26, 349 (1968)
[43] K. Nagatani, Phys.Lett. B 27, 187 (1968)
165
[44] B. L. Cohen, E.C. May, and T.M. O’Keefe, Phys.Rev.Lett. 18, 962 (1967) ;
Phys.Rev. 179, 962 (1969)
[45] K. Kolltveit and K. Nagatani., Nucl.Phys. A 124, 287 (1969)
[46] V.A. Otte, W.von Witsch, J. Sandler, D. Rendic, and G.C. Phillips, Phys.Rev.
C 4, 322 (1971)
[47] J.S. Al-Khalili, J.A. Tostevin, and R.C. Johnson, Phy.Rev. C41, R806 (1990)
[48] Y. Iseri, M. Yahiro, and M. Kamimura, Prog.Theor.Phys.Suppl. 89, 84 (1986)
[49] R.V. Reid, Annals of Phys. 50, 411 (1968).
[50] V.G.J. Stoks, R.A.M. Klomp, C.P.F. Terheggen, and J.J. de Swart, Phys.Rev.
C49, 2950 (1994).
[51] L.S. Rodberg and R.M. Thaler,
Introduction To The Quantum Theory of Scattering, Academic Press, New
York (1967) p.202.
[52] In this thesis, the A+2-body system is replaced by an equivalent three-body 
system in which the internal target coordinates are suppressed. The Hamilto­
nian for such a three-body model is derived by orderly elimination of the in­
ternal coordinates [7-17]. As a consequence the effective two-body interactions 
in this three-body system, and in particular the nucleon-nucleus interactions, 
have imaginary parts. They are optical potentials. Furthermore we assume 
that the couplings between the ground and excited states of both target and 
residual nuclei are weak. Explicit coupled channels effects are not included.
